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APRESENTAÇÃO

Nessas últimas décadas as Pesquisas em Química têm apresentado grandes 
avanços com contribuições de estudos, tanto de natureza teórica como prática, 
conferindo especulações investigativas de aspectos, tanto fenomenológicos como 
metodológicos da ciência. 

Além disso, as pesquisas, no campo da Química, têm contado com inúmeros 
programas de pesquisas em todo país permitido uma abrangência de uma variedade 
de área, possibilitando assim, a contemplação de uma diversidade de debates que, 
por sua vez tem corroborado com a produção de produtos inovadores e de qualidade. 

Devido a isso, verifica-se que os inúmeros trabalhos científicos, decorrentes 
desses debates, têm apresentado uma grande contribuição para o avanço da 
ciência, com uma extrema relevância, no que diz respeito, principalmente, a sua 
aplicabilidade para o desenvolvimento da sociedade. 

O e-Book " A Diversidade de Debates na Pesquisa em Química" é composto 
por uma criteriosa coletânea de trabalhos científicos organizados em 33 capítulos, 
elaborados por pesquisadores de diversas instituições que apresentam seus debates 
em temas diversificados e relevantes. Este e-Book foi cuidadosamente editado 
para atender os interesses de acadêmicos e estudantes tanto do ensino médio e 
graduação, como da pós-graduação, que procuram atualizar e aperfeiçoar sua visão 
na área. Nele, encontrarão experiências e relatos de pesquisas teóricas e práticas 
sobre as mais variadas áreas da química, além da prospecção de temas relevantes 
para o desenvolvimento social e cultural do país.

Esperamos que as experiências relatadas neste e-Book contribuam para o 
enriquecimento do conhecimento e desenvolvimento de novas pesquisas, uma vez 
que nesses relatos são fornecidos subsídios e reflexões que levam em consideração 
perspectivas de temas atuais.

Juliano Carlo Rufino de Freitas
Ladjane Pereira da Silva Rufino de Freitas
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RESUMO: Este trabalho objetivou abordar 
estratégias para suportar nanopartículas de 
ouro usando HAuCl4 em Espumas Siliciosas 
Mesocelulares (MCF) para aplicar na reação de 
conversão de 4-nitrofenol (4-NF) a 4-aminofenol 
(4-AF). Longos períodos de reação e custos da 
mesma foram analisados. Quatro diferentes 
materiais foram sintetizados a partir da variação 
da concentração da solução de HAuCl4 a ser 
suportada na MCF. A catálise foi realizada em 
sistemas descontínuos e leito fixo, nos quais 
a mesma solução de reação foi usada. Os 
espectros de absorvância UV-VIS das soluções 
foram realizados para medir o desempenho do 
catalisador. A carga de ouro sobre a estrutura 

foi indicada pelo pico de Au (111). Isotermas de 
adsorção/dessorção de nitrogênio e microscopia 
eletrônica de transmissão (MET) reforça a 
estrutura mesocelular do material. Os espectros 
UV-VIS para os testes em batelada mostraram 
que o suporte puro não foi capaz de reduzir 
o 4-nitrofenol em 4-aminofenol, no entanto a 
conversão aumentou com o aumento da relação 
Au / Si. Para o leito fixo, a maior conversão 
correspondeu à amostra com relação Au / Si 
= 0,019. Quando a carga de ouro aumentou 
bastante, partículas a granel de ouro foram 
formadas fora do suporte sofrendo lixiviação. 
Com um reator de leito fixo e variações de fluxo 
volumétrico, foi possível obter taxas constantes 
para a reação de primeira ordem assumida. 
Testes envolvendo ciclos de material usado 
demonstraram sua estabilidade e resistência à 
lixiviação, provando que o MCF é adequando 
para o transporte de nanopartículas de ouro. 
PALAVRAS-CHAVE: espumas mesocelulares, 
redução catalítica, 4-nitrofenol.

CATALYTIC PRODUCTION OF 
4-AMINOPHENOL OVER GOLD SUPPORTED 

ON MCF

ABSTRACT: This work aimed to approach 
strategies to load gold nanoparticles using 
HAuCl4 in mesocellular siliceous foam (MCF) to 
apply on 4-nitrophenol (4-NP) to 4-aminophenol 
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(4-AP) reaction. Long reaction times and cost were analyzed. Four different materials 
were synthesized from the variation in the concentration of HAuCl4 solution to be loaded 
in MCF. The catalysis were performed on batch and fixed bed systems in which the 
same reaction solution was used. The UV-VIS absorbance spectra of the solutions 
were carried out to measure the performance of the catalyst. Gold charge over MCF 
structure was indicated by the Au (111) peak. Nitrogen adsorption/desorption isotherms 
and transmission electronic microscopy (MET) reinforce the mesocellular structure of 
the material. The UV-VIS spectra for the batch tests showed that the pure support is 
not able to reduce the 4-NP, however, the conversion increased with Au / Si ratio. For 
the fixed bed, the highest conversion corresponded to the sample with Au / Si ratio = 
0.019. When the gold load is greatly increased, gold bulk particles were formed off 
the support, which were easily leached. Using a fixed bed reactor and volumetric flow 
variations, it was possible to obtain the constant rates for assumed first order reaction. 
Tests involving cycles of used material have demonstrated its stability and resistance 
to leaching, proving that the MCF is suitable for carrying gold nanoparticles.
KEYWORDS: mesocellular foams, catalytic reduction, 4-nitrophenol.

1 |  INTRODUCTION

Many efforts have been made to develop materials with well-defined pores on 
the diameter range of < 2 nm (microporous) or between 2 to 50 nm (mesoporous). 
On the mesoporous range researchers has synthesized materials by using different 
templates and co solvents (BECK, 1991; BECK, 1992; KRESGE et al.,1992; LETTOW 
et al., 2000; SCHMIDT-WINKEL, 1999). Often these materials are used as support 
to metals for many applications in catalysis, however, depending on the operating 
temperature (e.g. > 350 °C) on removal of structure-directing agent (SDA), metal 
particles sintering processes can also occurs and it leads to the leaching of catalysts 
sites (FRÖSCHL et al., 2012; GAJJELA et al., 2010). Pore diameter has also an 
important role on sintering processes due to confined environment which is more 
critical on mesoporous material with smaller diameter pores such as MCM-41 and 
even SBA-15 for metal (e.g. Platinum). Thus, large pore materials are desirable not 
only for chemical reactions on liquid phase involving large molecules (CHEN; LI; 
DAVIS, 1993), but also to decrease or avoid sintering processes on impregnated 
metal into it. Our group has been developing strategies to load gold nanoparticles 
by using HAuCl4 on mesocellular siliceous foam (MCF) material. In the current work, 
we used additional steps to improve the gold dispersion. Due to low isoelectric point 
of SiO2 (YAN, 2004; ZHU, 2007), (3-aminopropyl)triethoxysilane has been previously 
anchored over MFC support leading to immobilization of Au3+ over the support. Highly 
dispersed gold nanoparticles have been used on reactions such as CO oxidation, 
hydrogenation and also 4-nitrophenol (4-NP) reduction to 4-aminophenol (4-AP) 
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(BOND; LOUIS; THOMPSON, 2006; CHOUDHARY; GOODMAN, 2002; HARUTA; 
DATÉ, 2001; HASHMI; HUTCHINGS, 2006; KUNG, M.  DAVIS; KUNG, H., 2007; 
ZHAO et al., 2015). It is important to say that 4-NP is toxic, however, its reduced 
product (4-AP) finds application in many areas such as dying agent, a precursor for 
production of analgesic and antipyretic drugs and in particular as intermediate for the 
synthesis of paracetamol (WARING; MITCHELL, 1998; WOO; LAI, 2001).

The most acceptable model mechanism for 4-NP to 4-AP reaction over gold 
nanoparticles is Langmuir-Hinshelwood. Initially, NaBH4 is decomposed by hydrolysis 
on gold nanoparticle surface, leading towards hydrogenated nanoparticles and B(OH)4

¯ 
ion. At the end 4-NP is reduced by the adsorbed active hydrogen at the surface 
of gold nanoparticles and the 4-AP is finally produced. Focusing on 4-nitrophenol 
reduction, many strategies have been used for gold nanoparticles application on this 
reaction. Zhao et al. (2015) report in his review among other strategies, the use of 
silica (SiO2) with different textural structure as support of gold nanoparticles. The best 
result on apparent rate constant (kapp; normalized by catalyst mass) has been found 
for Silica nanotubes (SNTs) reported by LIN et al (2012) with kapp = 1.16x10-2 s-1 for 
4-NP reduction assisted by Excess of NaBH4 as reducing agent at room temperature. 
Hence, this work we used MCF as support for gold nanoparticles keeping on focus 
the main objectives which are: i) obtaining of high efficient gold catalyst for reduction 
reaction, characterized by 4-NP to 4-AP model reaction; ii) decreasing the cost of 
MCF synthesis by using cheaper organic cosolvent on the synthesis procedure and 
finally iii) prove the long duration stability of the catalyst in face of leaching process.

2 |  EXPERIMENTAL

All materials were used as received from the chemical vendors without further 
purification. Water used in the MCF syntheses was deionized.

2.1 Synthesis of MCF

Synthesis of mesocellular siliceous foam was previously reported (LETTOW 
et al., 2000; SCHMIDT-WINKEL, 1999). In this previous study, a solution of P123, 
HCl and NH4F on appropriate concentrations was stirred in the presence of 
1,3,5-trimethylbenzene (TMB) as cosolvent. At this work, MCF has been prepared 
by using heptane as cosolvent (swelling reactant). Then 3.1 g of TEOS was used as 
the silica source and it was mixed with 23.0 g of heptane (Solution A). Into a 100 mL 
Teflon flask 1.4 g of P123 was continually stirred at 1000 rpm for three days on 51.0 
mL solution of HCl 1.3 M + NH4F 0.009 M (solution B), then solution A was slowly 
added to solution B under continuous stirring at 25 °C. The mixture was aged for 24 h 
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and hydrothermically treated on stainless steel Teflon lined autoclave for 24 h at 100 
°C. Then, the product was washed with distilled water and air-dried. The resulting 
powder was calcined at 500 °C for 8 h to produce the mesocellular siliceous foam 
material (MCF).

2.2 MCF functionalization and Au/MCF preparation

To prepare mesocellular siliceous foam containing gold nanoparticles (Au/MCF), 
MCF was previously functionalized with APTES. In a Schlenk flask 1.44 g of MCF 
powder was activated under dry N2 flow at 200 °C for 24 h, then, 144.0 mL of toluene 
and 1.44 mL of APTES solution was added and this system was then refluxed for 24 
h. The functionalized MCF was then washed by toluene and acetone in a centrifuge. 
Four portions of functionalized MCF (360 mg) were suspended in 36.0 mL of Au (III) 
chloride (1.0 x10-4– 4.0 x10-4 M) solutions and then sonicated for 30 minutes followed 
by centrifugation for supernatant removal. The products (Au/MCF) were finally air-
dried and calcined at 500 °C for 8 h for organic removal.

2.3 Characterization

Calcined samples were characterized by X-ray diffraction with Cu anode (λkα 
= 0.15418 nm, 2.0 < 2θ < 50°, 0.5 ° / min). For small angle X-ray diffraction, a knife 
accessory was adapted to the sample holder to get information on low angle XRD 
(0.5 < 2θ < 1.5°, 0.02 ° / min). Nitrogen adsorption/desorption experiments isotherms 
at ~ - 195 oC has been measured by a Micromeritics ASAP 2020C (Accelerated 
Surface Area and Porosimetry System) on samples previously out gassed at 300 
oC for four hours. The specific surface area was calculated using Brunauer-Emmett-
Taller (BET) method. The range of pore diameter were evaluated by Barrett-Joyner-
Halenda (BJH) method on desorption branch. The gold and silicon content were 
determined by an X-ray fluorescence spectrometer Shimadzu model EDX 720 HS. 
High resolution transmission electron microscopy micrographs (HR-TEM) were taken 
with a Jeol JEM-210 equipped with a Thermo Scientific EDS probe.

2.4 Catalytic reduction of 4-nitrophenol

Two freshly prepared aqueous solutions, 50.0 mL of NaBH4 (0.02 M) and 50.0 
mL of 4-nitrophenol (0.2 mM) were mixed and a yellow color has been observed. 
Ice bath has been used to cool down and avoid the deactivation of reactant solution 
during the experiments. A plastic micro-reactor (2.0 mm diameter) was filled with 1.5 
mg of the Au/MCF and connected to micro tubes.

The 4-nitrophenol reduction rate was monitored by a portable UV-VIS 
spectrophotometer (Ocean Optics USB2000) with an 80 µL flow cell connected to 



A Diversidade de Debates na Pesquisa em Química Capítulo 7 81

the reactor. The fl ow of the reactant solution was gradually increased on the range 
of 0.2-3.0 µL s-1 to record various 4-nitrophenol to 4-aminophenol conversion results.

Batch reactions were also performed by using 50 mL of same reactant solution 
of 4-NP and NaBH4 in an Erlenmeyer. Into this solution was suspended 6 mg of each 
produced Au/MCF and MCF as reference. These fl asks were stirred at 120 rpm for 
1 hour at 25 °C. Finally, an amount of the supernatant solution was analyzed by a 
Varian UV-visible spectrometer model carry 5000.

3 |  RESULTS AND DISCUSSION

3.1 Characterization of MCF and Au/MCF

Four gold load on MCF were prepared to study the effect on 4-nitrophenol to 
4-aminophenol reduction. Small angle X-ray diffractions were obtained to confi rm 
structural information about the mesoporous of the pure MCF and all the gold loaded 
MCF.

Fig. 1. Small angle X-ray diffraction patterns of Au / MCF and X-Ray diffraction patterns of gold 
nanoparticles.

For all samples of Au / MCF and pure MCF a broad peak at small angle is 
observed (Fig. A.1), which correspond to heterogeneous mesoporous often found on 
MCF samples. For the Au / MCF the width of these peaks increases with the gold load 
on the MCF. The metallic gold nanoparticles have been detected by presence of the 
Au (111) peak at 2θ = 38 o (ZHU et al., 2003) as increase the Au / Si ratio the Au (111) 
pattern become more intense (Fig. B.1). 

The nitrogen adsorption/desorption isotherms exhibiting hysteresis loops with 
parallel adsorption and desorption branches due to regular pore array formed by 
cells and windows characteristic of MCF material (BROEKHOFF; DE BOER, 1967; 
BROEKHOFF; DE BOER, 1968a; BROEKHOFF; DE BOER, 1967b LETTOW et al., 
2000).
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Surface area was determined by BET method, pure MCF reaches 465 m2 / g 
while the sample with higher gold load (Au/Si = 0.050) is 339 m2 / g, this drop on the 
value is due to the increase of sample density (ca. 15 %) due to gold load (Fig. 2). 
Pore size distribution (insert) is on the range 6.0 – 23.0 nm, where the smaller value 
is due to windows and the higher are due to sizes of the cells. 

The transmission electron micrographs of all samples are reported in Fig. 
3. Image of MCF shows the internal pore structure which is formed by 17-18 nm 
windows connected between each other leading to a three-dimension net, spherical 
cell structures are also possible but these structures are not well identifi ed in the 
images. Some of those windows seem to have hexagonal geometry.

Fig. 2. Nitrogen adsorption / desorption isotherms and BJH desorption pore size distribution 
report of Au / MCF and pure MCF.

For the Au / MCF samples, the support morphology remained the same as 
observed for MCF, however, gold nanoparticles are also present. The Au / Si = 0.002 
Au / MCF is the unique sample which presents only spherical nanoparticles with 
diameter about 4 - 7 nm. By increasing the gold load into the MCF support, other 
structures of metallic gold are also observed. Bulk particles grown out of MCF support 
are most common on samples with higher load of gold. These particles can often 
be leached from support on catalytic experiments. It is possible to assume that the 
functionalization of MCF with APTES improves interaction among Au3+ ion and SiO2 

structure, since nanoparticles has been found into the pore of the support, though, it 
does not avoid the formation of bulk particles. In addition, the role of APTES is also 
to promote the Au3+ reduction during the impregnation step.
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Fig. 3. High resolution transmission electron micrographs of (A) MCF; (B) Au / Si = 0.002 Au / 
MCF; (C) Au / Si = 0.015 Au / MCF; (D) Au / Si = 0.019 Au / MCF; (E) Au / Si = 0.050 Au/MCF.

3.2 Effect of gold load on 4-nitrophenol reduction

To evaluate the catalytic activity of gold nanoparticles supported on MCF we 
used the 4-NP as probe since this reaction produces 4-AP as the main product and 
can be easily measured by UV-visible spectroscopy. Fig. 4 show UV-visible spectra 
of the products after 1-hour reaction. It is possible to determine that the MCF do not 
produces any measurable modifi cation. In the other hand, the spectra of produced 
solution from Au / MCF catalysts shows important decrease of the 4-NP band and 
increase of a new peak at (λ) 300 nm due to 4-Aminophenolate anion (PRADHAN; 
PAL, A.; PAL, T., 2002). By hydrogen bubbles removal procedures, it is also possible 
to get spectra with defi ned isosbestic point at (λ) 320 nm. It is due to 4-NP decreasing 
band as the Au / Si ratio increases from 0.002 to 0.050.   

These results can be explained by the amount of metal gold active sites being 
bigger on the Au / Si = 0.050 Au / MCF sample. Since, Kinect mechanism of this type of 
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reaction is gold surface area dependent, reactions into bed fi xed reactor with various 
volumetric fl ow rate of reactant solution has been used to get information above rate 
constant (k). However, in this work we normalized the apparent rate constant by gold 
nanoparticles mass instead of gold nanoparticles area (k = kapp / mAu)

Fig. 4. UV-visible spectra of the supernatant solution of 4-NP to 4-AP Au / MCF catalyzed 
reduction after 1 hour of reaction on batch reactor.

For this experiment we found the maximum volumetric fl ow rate (0.9 µL s-1)
with total conversion for 4-NP (yellow solution) to 4-AP (colorless solution) over Au 
/ Si = 0.019 Au / MCF catalyst. We left the reactor working at this volumetric fl ow 
rate by a long time and recording data about the intensity at (λmax) 400 nm. It has 
been monitored by a portable UV-VIS spectrophotometer with an 80 µL fl ow cell 
connected to the reactor. Wrong conclusions are easily reached if we considering 
only the fi rst recording measurements, since it indicates that the catalyst is losing 
its activity by gold nanoparticles leaching. Thus, another fresh solution has been 
prepared to substitute the previous reactant solution and is possible to see that the 
4-NP to 4-AP conversion (second recording) got back to 100 %. Then, the decrease of 
conversion results is due to a deactivation of the reactant solution. This deactivation 
is often related to hydrogen bubbling, which are often generated from water reducing 
by NaBH4 according to the reaction summarized in Eq. 1:

  Eq (1)

Thereby, further experiments have been processed by cooling down the reactant 
solution in ice bath to avoid hydrogen gas formation, since it does not participate to 
the 4-NP reduction mechanism.

The Fig. 5 plot kinetic curve of [4NP]0 (0.1mM) over Au / MCF with the four 
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Au / MCF ratio catalyst. These results indicate that the conversion decrease with 
volumetric fl ow rate and apparently the Au / Si = 0.050 Au / MCF is the most effi cient 
catalyst.

Over Au / Si = 0.002 and Au / Si = 0.050 Au / MCF catalysts, there are at 
least two different kinetic behavior during the experiment with volumetric fl ow rate 
increasing. For these two catalytic experiments, an infl exion point is observed at 
around 1.0 and 2.7 µL s-1 respectively. We believed that these trends are related to 
pressure increasing due to contraction loss into the reactor, mainly on high fl ow rate, 
even if we miniaturized the reactor to avoid this phenomenon, which is caused by 
packing of small particles. 

The effect of packing on high volumetric fl ow rate is directly associated to high 
pressure gradient and “short-circuiting” of a part of the fl ow. Thus, to avoid fake 
rate constant, the calculations were performed by using conversion values on small 
volumetric fl ow rate range, to get information as near to 1.0 atm as possible (SALMI; 
MIKKOLA; WARNA, 2010).

Fig. 5. Kinetic curve of 4-NP to 4-AP reduction over Au / MCF. (▲) Au / Si = 0.050 Au / MCF, (■) 
Au / Si = 0.015 Au / MCF, (★) Au / Si = 0.019 Au/MCF, (●) Au / Si = 0.050 Au / MCF.

We assumed that the reaction is fi rst order for 4-NP since we added an excess 
of NaBH4 than by mass balance equation we have for fi xed bed reaction the follow 
equation.

 Eq (2)

The plot of the calculated ln(1/1-XA) over the inverse of molar fl ow (Fig. 6) is 
linear. From the slop is it possible to calculate rate constant since k´= tg(θ) / (CA0.
WAu). 

Apparently the results on Fig. 5 shows that the catalyst activity increases with 
gold load, thus, it indicated that the best catalyst is Au / Si = 0.050 Au / MCF, however, 
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with the assumption of the Langmuir-Hinshelwood mechanists model that is gold 
nanoparticle dependent, the calculations indicated that the Au / Si = 0.019 Au / MCF 
is more active than Au / Si = 0.050 Au / MCF due to the presence of gold bulk particles 
on it (Table 1). Since the 4-NP reduction is in truth gold surface area dependent, those 
samples which have bulk particles certainly have impaired their catalyst effi ciency.

Catalyst k (L.s-1.gAu
-1)

Au/Si = 0.002 Au/MCF 3.5 x 10-2

Au/Si = 0.015 Au/MCF 4.6 x 10-2

Au/Si = 0.019 Au/MCF 6.3 x 10-2

Au/Si = 0.050 Au/MCF 3.8 x 10-2

Table 1. Rate constant of 4-NP to 4-AP reduction over Au / MCF.

Fixed bed reaction has also been performed by using a fi xed volumetric fl ow 
(0.9 µL s-1) of chilled reactant solution on 1.5 mg of Au / Si = 0.019 Au / MCF catalyst. 
At these conditions the conversion of 4-NP to 4-AP is 100 %. The data has been 
collected for around 17 hours at each 20 minutes on 80 µL fl ow cell (Fig. 6 insert). 

The total conversion is not always observed due to interferences of hydrogen 
bubbles inevitably grown into the cell. This result shows that leaching process of the 
gold nanoparticles do not occurs over the reaction condition. It indicates that the gold 
nanoparticles are effi ciently supported on MCF surface.

Fig. 6. Plot of ln (1 / 1-XA) vs inverse of molar fl ow (1 / F) indicating fi st order kinetics of 4-NP to 
4-AP reduction over Au / MCF. (▲) Au / Si = 0.050 Au / MCF, (■) Au / Si = 0.015 Au / MCF, (★) 

Au / Si = 0.019 Au / MCF, (●) Au / Si = 0.050 Au / MCF. [4-NP]0 = 0.1 mM.
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4 |  CONCLUSION

In this work we successfully obtained mesocellular siliceous foam (MCF) by 
using cheaper cosolvent (heptane as swelling reactant) than that often used such as 
1,3,5-trimethylbenzene (TMB). The use of (3-aminopropyl)triethoxysilane (APTES) 
previously anchored over MFC support was helpful on gold nanoparticles dispersion, 
even if some bulk particles has been found on the external surface of the Au / Si = 
0.015 - 0.050 Au / MCF catalysts. We can also conclude that the role of (APTES) is 
also to reduces gold ions, since no further reduction reaction steps was necessary to 
obtain gold nanoparticles. Both batch and fixed bed reactions indicates that the Au / 
MCF catalyst is active on 4-nitrophenol reduction, in addition, cold reactant solution 
produces better results since this procedure avoid the formation hydrogen bubbles. 
TEM indicate that the maximum load of gold without excessive bulk particles on the 
external surface is found for 0.019 Au / MCF catalyst it certainly drove for the best 
result on 4-nitrophenol reduction. Long duration fixed bed reaction has been studied 
to get information about chemical resistance of the 4-nitrophenol reduction over 0.019 
Au / MCF. The results indicated that even after 17 hours of continuous operation, no 
evidences of gold nanoparticles leaching have been detected then we suggests that 
the MCF is appropriated as gold nanoparticles support.
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