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SCOPE

Metal nanoparticle catalysts have in the last decades been extensively researched for their
enhanced performance compared to their bulk counterpart. Properties of nanoparticles can be
controlled by modifying their size and shape as well as adding a support and stabilizing agent. In
this study, preformed colloidal gold nanoparticles supported on activated carbon were tested on
the reduction of 4-nitrophenol by NaBHa4, a model reaction for evaluating catalytic activity of metal
nanoparticles and one with high significance in the remediation of industrial wastewaters. Methods
of wastewater remediation are reviewed, with case studies from literature on two major reactions,
ozonation and reduction, displaying the synergistic effects observed with bimetallic and trimetallic
catalysts, as well as the effects of differences in metal and support. Several methods of preparation
of nanoparticles are discussed, in particular, the sol immobilization technique, which was used to
prepare the supported nanoparticles in this study. Different characterization techniques used in this
study to evaluate the materials and spectroscopic techniques to analyze catalytic activities of the
catalyst are reviewed: ultraviolet-visible (UV-Vis) spectroscopy, dynamic light scattering (DLS)
analysis, X-ray diffraction (XRD) analysis and transmission electron microscopy (TEM) imaging.
Optimization of catalytic parameters was carried out through modifications in the reaction setup.
The effects of the molar ratio of reactants, stirring, type and amount of stabilizing agent are
explored. Another important factor of an effective catalyst is its reusability and long-term stability,
which was examined with suggestions for further studies. Lastly, a biochar support was newly

tested for its potential as a replacement for activated carbon.



1. Introduction
1.1 Nanomaterials in Catalysis

Catalysts are materials used to increase the rate or efficiency of a reaction by lowering the
activation energy of the reaction, bringing together the reactive materials, or increasing the yield
of a specific product formed over another. In more recent decades, nanomaterials have become in
focus for use in catalysis. Nanoparticles are assemblies of hundreds of thousands of atoms in the
range of 1-100 nm in size. The first paper published on metal nanoparticle catalysts was in 1941,
where polyvinyl alcohol-capped palladium and platinum nanoparticles were synthesized using H»
to reduce the metals.® The year 1987 brought another breakthrough as gold nanoparticles in the
size range of less than 5 nm were found to increase their activity in the oxidation of CO by O,.2
Nanomaterials have been researched and applied in many other fields such as electronics,
medicine, information technology, fuel cells and more. One such example that has significant
implications on the environment and the economy today is catalytic converters which increase the
rate of catalytic combustion by making the combustion selective to avoid toxic byproducts.
Characterization methods of nanoparticles have also advanced alongside nanomaterial research.
Some such modern techniques include aberration-corrected electron microscopy and X-ray
absorption spectroscopy which allow for characterizing downwards of single metal atoms.®
Among the nanomaterials, noble metal nanoparticles, with their special electronic properties, have
gained attention in the field of catalysis. In the nano size range, metal particles display differences
in electrical and optical properties. For example, they undergo a change in the reduction potential
based on the particle sizes due to a more negative Fermi potential, allowing them to catalyse
various electron transfer reactions.* The high surface area and dispersion, or the ratio of the number

of atoms on the surface to the total number of atoms, of metal nanoparticles also provide an



advantage over bulk metals. Metal nanoparticle catalysts display varying properties that depend
on their size, shape and structure. These factors are controlled by modifications of preparation
conditions. They can also be functionalized by modifying organic polymers hybridized with the
metal nanoparticles. Bimetallic and multi-metallic nanoparticles can be formed as well, widening
the range of compositions and structures which influence catalytic activity.

Various metal nanoparticles have been investigated for their suitability as catalysts for different
reactions and conditions. Gold nanoparticles are commonly researched because they display high
catalytic activity at mild conditions and ambient temperatures.> Amongst all metal nanoparticles,
they are one of the most stable and therefore leaching of the metal to the effluent is not of concern.
One major challenge of gold nanoparticles as catalysts is their tendency to aggregate.
Functionalization of nanoparticles using surface-bound ligands or polymers as stabilizers improves
their stability but it, in turn, leads to partial blockage of the active sites, reducing catalytic activity.’
Therefore, the chain length and packing density of stabilizers are taken into consideration. It has
been shown that high molecular weight and decreasing surface coverage of the stabilizer correlated
with high rate constants as well as low induction time.” Nanoparticles can also be deposited onto
a support and subsequently treated to remove the stabilizer, but there can be a trade-off between
the stability of the nanoparticles and their catalytic activity due to the surface sites becoming
deactivated.®® The impact of stabilizers on the catalytic activity of these nanoparticles requires

further exploration.’

1.2 Main preparation methods of nanoparticles

1.2.1 Impregnation



Impregnation is one of the more commonly used methods for its simplicity and low cost. This
method involves wetting the support in solution with the metal nanoparticle precursor by
dissolving the metal precursor in a solvent. The resulting solution with the support is in the form
of a paste due to the pores of the support being filled by the metal solution. The solvent is removed
by rotary evaporation and the solid is oven-dried and reduced. Using this method, however, AUNPs
with a narrow particle size distribution range are difficult to obtain. Often, poorly dispersed
particles with large agglomerates are seen as a result of impregnation, depending on the choice of
heat treatment method (under air/O, or H).1° Figure 1 shows a scheme of the impregnation

method.
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Figure 1. Scheme of impregnation method used with a metal oxide support.*

1.2.2 Anion adsorption

In this method, the adsorption of the metal precursor is performed at a low pH to allow its
interaction with the support. When the pH of the solution is lower than the isoelectric point (IEP)
or point of zero charge of the support, the overall charge of the surface of the support is positive,
thus allowing for the adsorption of the anions from the metal precursor solution.*? When the pH
of the solution is higher than the IEP of the support, the overall charge is negative, allowing for
the adsorption of cations. In using HAuCls with a carbon support, the gold precursor solution is

adjusted to a pH lower than that of the carbon (pH 6-8), causing the positively charged carbon



support to bind to the gold nanoparticles. Figure 2 shows changes in surface charge and the

behavior of nanoparticles as a result of the change in pH.
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Figure 2. Scheme of the effect of pH on a metal oxide nanoparticle.™® Surface charge and behavior of
particles are altered following a change in pH.

1.2.3 Deposition precipitation

The metal precursor is dissolved in aqueous solution, the pH is adjusted to 6-10 with a base
(sodium hydroxide or urea) to complete precipitation, and the precipitate is deposited on the
support by adding the support under heat and constant stirring. The product is washed several times
and dried in an oven before calcination. This method is not applicable to acidic and hydrophobic
supports like AC due to the required pH adjustment.!* Figure 3 shows a scheme of the deposition

precipitation method.
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Figure 3. Scheme of the deposition precipitation method used with a metal oxide support.!

1.2.4 Sol immobilization

Using the methods mentioned above, the issue of metal dispersion is often encountered depending
on the type of support. Sol immobilization involves the immobilization of pre-formed metallic sol,
which allows for a better control of the particle size with less influence of the type of support.®® In
sol immobilization, the metal precursor is reduced, and nanoparticles are stabilized by a stabilizing
agent, usually a polymer, which prevents agglomeration of the nanoparticles. Polyvinyl alcohol
has been shown in several studies including ours to yield good dispersion of the nanoparticles.’®
The support is added to the metal colloidal solution to immobilize the nanoparticles. This technique
overall provides the narrowest particle size distribution of the nanoparticles which is crucial for
high, consistent catalytic activity. The synthesis of AuUNP catalysts used in this study has been

prepared using this method.

1.3 Wastewater remediation and nitrophenols

Nitrophenols are among the most common environmental pollutants with high toxicity and
carcinogenic properties.'® Among industrial plants, they are most present in wastewaters from
plants producing pesticides, explosives, dyestuffs and leather treatment products. 4-nitrophenol,

which is released into industrial wastewaters from agriculture and manufacturing, exhibits high
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stability and solubility in wastewaters.!” 4-nitrophenol has been reported as carcinogenic,
teratogenic, and mutagenic.'® It is one of the top 114 organic pollutants according to the United
States Environmental Protection Agency.® The presence of the nitro group in the aromatic ring
enhances its stability to degradation. 4-nitrophenol has received much attention in academic
research due to its reduction to 4-aminophenol.*® This reduction process by BH4  is considered a
model reaction because its kinetics can be traced by UV-Vis spectroscopy and it yields one
product. It is also ideal for testing the catalytic efficiency of metal nanoparticles because of its
slow rate in the absence of a suitable catalyst.'® Considering the environmental impact of 4-
nitrophenol in wastewaters, the development of a highly efficient catalyst is an immensely valuable
task in industrial chemistry.

With regards to nitrophenols in wastewaters, the conventional remediation approaches can be
classified as physiochemical and biological, some of which include adsorption, solvent extraction,
oxidation or reduction, and bioremediation with microbes. Physiochemical methods such as
adsorption and solvent extraction simply concentrate the pollutants in a different phase, thus
requiring subsequent treatment of the pollutants. Bioremediation, a low cost, environmentally
friendly method which uses microbes to catalyze the degradation of organics, performs poorly at
high concentrations of toxic organics, and the rate of degradation is slow. Moreover, the presence

of heavy metals which are common in wastewater streams inhibits microbial activity.?

1.4 Advanced oxidation processes
Advanced oxidation processes (AOPs) use highly reactive hydroxyl radicals which non-selectively
can oxidize a variety of organic pollutants into CO, and H,0.® These radicals are highly reactive

with a short lifetime, meaning they increase reaction rates and do not accumulate in the medium.?
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AOPs are often combined with ozone, catalysts, UV radiation, microwave or ultrasound for a faster
and more efficient treatment and are often capable of complete mineralization of organics.
Therefore, AOPs are an attractive solution to compounds with high stability, toxicity and non-
biodegradability.

Among AOPs, the Fenton process is known to be one of the most effective in terms of the wide
variety of organics that can be treated as well as the short reaction time.?? In the Fenton process,
Fe?* is oxidized to Fe** by hydrogen peroxide, providing hydroxy! radicals and hydroxides which
accelerate the oxidation process. The degree of mineralization, however, is not optimal and can
vary considerably based on the amount of reagent used and the presence of UV radiation (Photo-

Fenton). A simple schematic of the Fenton process is shown in Figure 4.

FENTON PROCESS
F£.2+ F£‘3+
H.0; ‘OH
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RH oxidation products

-

CO,, H,0

Figure 4. Reaction scheme of the Fenton oxidation process.

Processes that use UV and a catalyst, photocatalytic decomposition, involve photoexcitation which
generates positively charged electron holes in the catalyst, which interact on the surface with H.O

or hydroxides to produce hydroxyl radicals. Photocatalysis has been improved by using
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semiconductor materials. Specifically, TiO> photocatalysts are the most effective in treating
nitrophenols in waters due to low toxicity, high stability, ease of availability and superior
performance.?® TiO,-based photocatalysis produces more hydroxyl radicals compared to other
AOPs.?

Although AOP technology has advanced with the research of different catalysts and is regarded as
a powerful method of wastewater treatment, the application of AOPs at an industrial scale can be
impractical cost wise. The expenses of catalyst and energy consumption in the generation of ozone
or UV radiation are practical for a more selective treatment of specific targets. Another challenge
to consider is the high reactivity and low selectivity of radicals used in AOPs. Due to the high
natural organic content of wastewaters and the low concentrations of toxic organic pollutants,
AOPs may not be the ideal method of wastewater remediation because organic matter is non-

selectively oxidized.

1.5 Ozonation of 4-nitrophenol using metal nanoparticles

AOPs at the laboratory scale have shown to be highly efficient in treating organic compounds
present in low levels in wastewaters. Various advanced oxidation processes (AOPs) for the
treatment of organics such as ultrasonic, photooxidation, Fenton, and wet oxidation exist.
However, many of these processes are limited in applications in the industrial scale due to
economic and technical considerations. Among these AOPs used to generate strong oxidants for
degradation of organics, ozonation is commonly used to treat toxic compounds in wastewaters.
Ozonation processes involve partial or, in some cases, complete oxidation of organic compounds.
Oxidation using hydroxyl radicals occurs rapidly owing to their high oxidizing potential, whereas

ozonation has a smaller potential. However, with high dosages and long reaction times, ozone can
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oxidize some organic compounds to CO, and H>O with some inorganic salts. Although most
ozonation reactions oxidize one organic compound to another, the resulting shorter and simpler
organic products makes them more biodegradable.?*

Although ozonation is one of the most widely used processes, it is not without limitations. In some
cases, toxic intermediates result from ozonation processes and a careful control is needed in the
utilization of ozone in the laboratory. In response to this, catalytic ozonation has emerged as a
more suitable method of organic compound degradation. Phenols, with their electron-donating -
OH group, are highly reactive to ozone with the carbon in the ortho- and para- positions. When 4-
nitrophenol undergoes electrophilic attack by ozone or hydroxyl radicals, it forms quinone
intermediates, which later break down into smaller compounds such as maleic acid, oxalic acid,
acetic acid and formic acid, eventually yielding CO and water. However, oxalic acid does not
further breakdown with exposure to ozone without the presence of a catalyst. Catalytic ozonation
can avoid the build-up of oxalic acid in wastewaters. It also offsets the limitations of the costs of
high energy consumption and low efficiency due to the reaction kinetics of ozonation.?® Gu et al.
proposed a reaction pathway of 4-nitrophenol degradation by ozone-based AOP, organized in
Figure 5. The applied catalyst increases the decomposition of soluble ozone to produce highly

reactive hydroxy! radicals.?®
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Figure 5. Proposed 4-nitrophenol degradation by ozone-based AOPs by Gu et al.”

1.5.1 Heterogeneous Catalytic Ozonation

Ozone exhibits low solubility and stability in water. It is also selective in its oxidative process.
With the addition of a catalyst, ozone reacts with water to generate hydroxyl radicals, thus
increasing the reaction rate. Heterogeneous catalytic ozonation offers more benefits than
homogeneous due to the catalyst recycling potential and/or the ease of separation after a reaction.
As opposed to homogeneous catalytic ozonation, in which ozone is activated by aqueous metal
ions in the presence of UV radiation, heterogeneous catalytic ozonation occurs in the absence of
UV. Metals and metal oxides are the most used catalysts in the heterogeneous catalytic ozonation

process.
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Although there have been many studies reported using homogeneous catalysts such as Mn?*, Fe3*,
Fe2*, Cd?*, Cu?*, Zn?*, Cr?*, Co?* and Ag", one major limitation of homogeneous catalysts in these
processes is the high consumption of catalyst.?”?® Heterogeneous catalysts have shown to not only
be more easily recycled for further use, but also to increase the efficiency of the reaction by the
adsorptive and oxidative properties of solid metals. They have proven effective in wastewater
treatment plant applications.?®

The reaction is carried out in a stainless steel or glass reactor at room temperature and ambient pH
which is adjusted as needed. The ozone generator, with an adjustable gas flow rate, is connected
to the reactor. The ozone monitor detects the dissolved ozone concentration. Samples are collected
at regular time intervals and treated with nitrogen gas to remove residual ozone. The sample is
filtered and analyzed on the UV-Vis. A schematic of ozone flow from the oxygen supply to ozone

guenching post-reaction is shown in Figure 6.

h''g
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KI solution

reactor
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Figure 6. Setup of ozonation reaction.

1.5.2 Catalytic approaches (Case studies)
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Ozonation reactions from literature using monometallic vs. bimetallic catalysts are reviewed and

compared with simple ozonation (Table 1).

TiO2-Fe304

One approach to overcome the drawback of recovering solid catalysts from aqueous phase is

to introduce a magnetic component in the catalyst. A magnetically separable TiO2-Fe3O4

composite was synthesized.*

- Synthesis of catalyst
To synthesize the composite catalyst, titania was added to an isopropyl alcohol solution of
suspended magnetite particles and mixed at 60°C. After mixing and cooling, distilled water
was added to hydrolyze the titania, followed by more mixing at 60°C. The precipitate was
filtered, rinsed with isopropyl alcohol and dried.

- Characterization
Surface area and pore volume of catalyst samples by BET method (457 m?/g; 0.74 cm®/g)
were determined. Average particle sizes were measured using XRD and SEM (144 nm),
and FTIR spectra were recorded.

- Oxidation reaction
In a glass cylindrical reactor, 10 mg/L of ozone was supplied at a flow rate of 0.8 L/min.
Aqueous 4-nitrophenol solution was 400 mg/L, and the catalyst added was 1.2 g/L.

- Reusability
Magnetic separation of the composite was achieved by exposing the aqueous suspension
to a magnetic field for 3 min. The recovered catalyst was reused in further reactions, losing
approximately 4% activity per cycle on average.

- Results

17



Increase in magnetite content over 30% wt. resulted in a decrease in catalyst activity, likely
due to increased magnetite on the surface of the composite, hindering the reaction. Within
70 min, approximately 50% of 4-nitrophenol was degraded. Within 180 min, complete
degradation was achieved. The composite catalytic activity outperformed those of the

monometallic and simple ozonation without any catalyst.

ZnO

Ozonation of 4-nitrophenol without a catalyst and ozonation combined with nano-ZnO
were compared.®! In accordance with previous studies, it was found that the metal catalyst
improved the efficiency of the ozonation reaction by initiating the decomposition of
ozone.*

Synthesis of catalyst

Nano-ZnO (<100 nm) was used as is.

Characterization

No characterization method is mentioned.

Oxidation reaction

In a semi-batch stirred reactor, ozone was continuously supplied into a 2000 ml glass
reactor. The 1000 ml reaction solution contained 16 mg of 4-nitrophenol and 300 mg of
ZnO diluted with deionized water and stirred with a magnetic stir bar. The ZnO was added
into the solution immediately following the release of ozone into the 4-nitrophenol
solution. Ozone gas flow was kept at 1000 ml/min with the ozone concentration of 5.64
mg/L. Residual 4-nitrophenol was measured using HPLC with a UV detector. The

solutions were centrifuged and filtered using 0.2 um microfilters prior to measurement.
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Reusability

No reusability test was performed.

Results

The simple ozonation reaction, tested at pH 3, 7 and 9, showed increased efficiency with
rising pH. At pH 9, conversion was at 76% in the first 5 minutes. The catalytic ozonation
reaction with ZnO, tested at pH 3, 7 and 9, showed increased efficiency with decreasing
pH. At ambient pH, conversion was at 93% in the first 5 minutes. In basic conditions, the
production of OH™ ions which initiate the radical chain reaction led to the efficient
degradation of 4-nitrophenol by ozone. In the catalytic ozonation, acidic conditions
prevented the formation of clusters of the ZnO particles, which led to the efficient

degradation of 4-nitrophenol.

TiO2

Ozonation of 4-nitrophenol using a TiO; catalyst and simple ozonation were compared.®
Effect of pH was tested, and the reaction process was analyzed using HPLC.

Synthesis of catalyst

TiO2 (20 nm) was used as is.

Characterization

Titanium dioxide of BET surface area 55 m?/g and average particle size 20 nm was
purchased. TEM and SEM were performed to confirm average particle size.

Oxidation reaction

In a semi-batch reactor, 1000 ml of aqueous solution with 40 mg/L of 4-nitrophenol and 1

g of TiO2 were mixed. Flow rate of ozone supply was kept constant at 0.5 L/min with an
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ozone concentration of 20.8 mg/L. The reaction mixture was sampled at intervals and
filtered to analyze via HPLC.

Reusability

TiO> particles were filtered out of the solution, washed with distilled water, dried and
heated at 150°C for two hours to remove any adsorbed molecules from the surface. Within
three runs, degradation decreased from 94 to 83 and 69%.

Results

Efficient formation of hydroxyl radicals at high pH enhanced the degradation of 4-
nitrophenol. At pH 9, 89.3% of 4-nitrophenol was removed within 60 min. In the catalytic
ozonation, a slightly acidic pH of 5 yielded 97% degradation within 60 min. A Kinetic

analysis yielded a first-order rate constant of k = 54.8*10 min™.

Table 1. Review of 4-nitrophenol catalytic ozonation studies.
Metals | Avg. Reusability | Simple O3 Catalyst/O3 | Notes Ref.
particle activity activity
size (nm)
TiO,- | 144 Loss of 4% | Approx. 100% in o With Fe;0,, (30)
FesO4 per cycle | 40% of 180 min activity increased;
TiO/Os recovery from ag.
phase in 3 min
[ ] Ti02
monometallic
yielded approx.
70% of TiO2/O3
ZnO <100 - 76%in 5 93%in5 - (31)
min min
TiO, |20 69% after | 89% in 60 97% in 60 - (33)
three min min
reuses

1.6 Chemical reduction of nitrophenol using metal nanoparticles
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The catalytic reduction of 4-nitrophenol to 4-aminophenol has been shown to be one of the most
efficient methods, owing to the fact that 4-aminophenol, the only product of the reaction, can be
recycled for various purposes such as drug and dye synthesis. Paracetamol and phenacetin are
some important drugs that require 4-aminophenol as an intermediate. 4-aminophenol is also used
as a photographic developer and for anticorrosion purposes.3*

The chemical reduction of 4-nitrophenol by NaBH4 does not proceed in the absence of a catalyst
due to the kinetic barrier between the repelling negative ions of 4-nitrophenol and borohydride.
This makes the reduction reaction an accurate gauge for evaluating the performance of the catalyst.
It follows the Langmuir-Hinshelwood model, which was first proposed by Wunder et al. to provide
the mechanism for metal nanoparticle catalytic reduction of 4-nitrophenol by NaBH..>®> According
to this model, the catalytic reduction occurs on the surface of metallic nanoparticles. The BH4™ ions
and 4-nitrophenol adsorb onto the surface, where hydrogen is transferred to the metal surface. The
N-O bond of 4-nitrophenol is weakened as electrons are delocalized from the oxygen to the surface,
and 4-nitrophenol is reduced to 4-aminophenol, yielding H2O.

Au, Ag, Pt and Pd are commonly used metal nanoparticle catalysts in the reduction of
organics. These noble metals are also the most used in bimetallic or multimetallic combinations.
Each metal has its strengths applied as catalysts. While all of them are preferred for their stability
in various reactions, AuNPs can perform in mild conditions and show a direct correlation between
particle size and catalytic activity. AgNPs are desired for their high activity considering the low
cost.® Pt and PdNPs exhibit excellent activities due to their large surface areas despite the high
cost.®” These metals in combination have attracted interest due to an enhanced catalytic
performance as a result of synergistic effects and an offset of specific limitations faced with

monometallic catalysts. For example, gold nanoparticles are limited in high-temperature reaction
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applications due to particle aggregation upon exposure to heat.>® Combining gold with platinum
group metals such as platinum or palladium, their robustness at high temperatures and the
geometry of the bimetal catalyst can limit the aggregation of gold nanoparticles. Synergistic effects
of metals may be geometric, as in the example of aggregation of gold, or electronic. Because gold
is the most electronegative of the transition metals, electron transfer from another metal to gold

may improve its catalytic activity.*

1.6.1 Catalytic approaches (Case studies)
Reduction reactions from literature using mono-, bi-, multi-metallic catalysts with and without

support are reviewed and compared (Table 8).

Palladium/Graphene
Chemical and mechanical properties of a catalyst can be improved with a proper support.
Commonly used supports include silica, alumina, zeolites, TiO,, polymers and carbon
materials.® Graphene, which exhibits high surface area, electronic transport properties as
well as mechanical stiffness, makes an efficient support for catalysts. Pd-based catalysts
have been successfully used to hydrogenate nitrophenols.® The = —m * stacking
interactions facilitated the binding between nitrophenol derivatives and the graphene oxide,
resulting in enhanced adsorption.

- Synthesis of catalyst
Graphite oxide and graphene sheets were synthesized according to the Hummers method.*
Pd/G nanocomposites with various amounts of Pd were prepared according to a

hydrothermal method.®
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Characterization

TEM images and XRD analyses determined the average particle (crystallite) size of Pd
particles supported on graphene as 5.8 nm.

Reduction reaction

The reaction was conducted at room temperature. Solutions of 4-nitrophenol (0.3 mM) and
NaBH; (0.1 M) were freshly prepared. 4 mg of Pd/G was added to a 40 ml 4-nitrophenol
solution under ultrasound irradiation for several minutes. 3 ml of NaBH4 solution was
added to the mixture under stirring. 3 ml aliquots were sampled at certain time intervals
and analyzed by UV-Vis spectroscopy.

Reusability

The catalyst was recovered by filtration and reused five times. The conversion rate was
85% after five reuses.

Results

Activity of catalyst decreased with increasing Pd content. Ortho-, meta- and para-
substitutions of nitrophenols were used in the hydrogenation reaction, with methyl alcohol
as solvent. For the 0-NP and p-NP, the negative charge which is delocalized to the nitro
group makes them stable and less reactive. Of the two, the 0-NP exhibits higher reactivity
due to a stronger inductive effect. 2,4-dinitrophenol and 2,4,6-trinitrophenol were also
reacted. The multi-substituted nitrophenols exhibited low reactivities due to large steric

hindrance. Activities are compared in Table 2.
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Table 2. Activities of Pd/G catalysts with varying Pd content on p-NP conversion and of Pd0.05/G on
various substituted NP conversion.

Catalyst Raw material ~ k (min?) Catalyst Raw material ~ k (min?)
Pd0.05/G p-NP 2.192 Pd0.05/G o-NP 2.279
Pd0.10/G p-NP 1.176 Pd0.05/G m-NP 3.562
Pd0.20/G p-NP 0.144 Pd0.05/G p-NP 2.192
Pd0.05/C p-NP 0.932 Pd0.05/G 2,4-DNP 0.974
Pd0.05/G 2,4,6-TNP 0.531
AuPd/Graphene
Synthesis of Catalyst

- Graphene nanosheets were prepared according to a modified Hummer’s method.*?> To
synthesize AuUPdNP/G, 5 ml of a G colloid (0.025 wt%) and 0.5 ml of a HAuUCls (10 mM)
aqueous solution were stirred for 1 min, then 0.5 ml of KoPdCls (10 mM) aqueous solution
was added to stir for 4 min at room temperature.** The mixture was washed with water and
centrifuged to draw out the liquid phase. For comparison, different ratios of Au:Pd were
also tested as well as monometallic PANP/G and AuNP/G.

Characterization

- TEM images and XRD analyses determined the average particle size of AuPdNPs

supported on graphene nanosheets as 3.46 nm (Figure 7). For the monometallic NPs,

AuUNPs and PdNPs had an average size of 3.15 and 2.67 nm, respectively.
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Figure 7. TEM (A-C) and HRTEM (D) images of AuPdNP/Gs.The HRTEM image shows the
lattice fringe distance of 0.23 nm between the lattice spacings of Au and Pd NPs.

Reduction reaction

1 ml of 4-nitrophenol solution (0.1 mM) and 1.0 ml of NaBH4 solution (10 mM) were
mixed. 5 pl of 0.25 mg/ml AuPdNP/G (1.25 ug for 25.2 wt% Au) was added to the mixture
for analysis.

Reusability

The catalyst was reused five times without filtering. 5 ul of 20 mM 4-nitrophenol and 10
ul of 1 M NaBHjs solutions were added directly to the post-reaction mixture. By the fourth
run, the rate constant was approximately 91% of the first run.

Results
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- PdNP/G had a faster rate of reaction than AuNP/G, but both were slower than the bimetallic
AUPdNP/G. Bimetallic composites exhibited high catalytic activity, with the 1:1 Au:Pd

composite having the highest (Table 3).

Table 3. k values of Au/G, Pd/G and AuPd/G with varying AuPd content.

Au (Wt %) Pd (Wt %) k (min)
AUNP/G 25.7 - 0.109
Au82Pd18NP/G 22.3 2.6 0.190
AU71Pd29NP/G 24.0 5.3 0.313
AU53Pd47NP/G 25.2 12.1 0.867
Au42Pd58NP/G 23.6 175 0.385
Au35Pd65NP/G 25.5 25.4 0.244
PANP/G - 16.0 0.164

Ag/CA and Au/CA (Calcium Alginate)
Alginic acid is a biopolymer originating from brown algae. Alginate gels as a stabilizer of
metal nanoparticles are affordable and possess mild reducing ability and
biodegradability.*® Its potential in green catalysis is being researched with several different
metal nanoparticle catalysts.
Synthesis of Catalyst

- Ag embedded CA and Au embedded CA beads were prepared separately using a
photochemical approach.*® For Ag/CA, 3.7 g of CA gel beads were incubated with 1 ml of
1.0 mM AgNOs solution for 3 hours and irradiated with UV radiation at 365 nm for 4 terms
of 10 minutes of irradiation followed by 10 minutes of gap. Beads were washed and dried
for 24 hours in air with no light. For Au/CA, 1.0 mM HAuCI4 was used.
Characterization

- XRD patterns confirmed the formation of single crystalline nanoparticles with no metal

oxide. SEM and TEM images showed the particle morphologies and particle size. The
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spherical nanoparticles had an average particle size of 7 nm for Ag, and 5 nm for Au. The
possibility of alginate reacting with borohydride was investigated by performing an FTIR
analysis on the catalyst after reaction and comparing it to CA spectra. No new peaks were
detected.

Reduction Reaction

2.5 ml of 0.1 M NaBHj solution and 25 ul of 1*102 M 4-nitrophenol solution were mixed
in a quartz cuvette, then the catalyst was added.

Reusability

After completion of a cycle, fresh 4-nitrophenol and NaBH4 solutions were added to the
mixture. It was observed that up to the third cycle the catalyst efficiency increased with
less time for reaction completion. After the third cycle, the efficiency remained near
constant.

Results

Ag/CA converted 99% of 4-nitrophenol within 8 minutes of reaction, and Au/CA converted
92% within 50 minutes. Rate constants for Ag/CA were 1.03-1.04*10° and for Au/CA

0.14-0.20*10°.

Pt/PVPh (polyvinylphenol)

In this study, the polyvinylphenol (PVVPh) molecule was used as a stabilizer for the metallic
Pt nanoparticles.*

Synthesis of catalyst

1.2 ml of alkaline PVPh solution (0.8 wt%) and 5.78 ml of water were mixed at room

temperature, then 1.04 ml of 10 mM HzPtCls added. The pH was maintained at 11 for one
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week of magnetic stirring at room temperature. PtNPs with no PVPh were also prepared
for comparison purposes by stirring 4 ml of aqueous H2PtCls solution (5 mM) at room
temperature with 8 mg of NaBH4 for 10 minutes. The mixture was centrifuged at 8000
rpm, and the resulting solid was vacuum dried at 70°C for 24 hours.

Characterization

TEM images showed a narrow particle size distribution and formation of ultra-small
nanoparticles of 1.6 + 0.2 nm for the PVVP-capped, and 3.5 nm for the bare Pt nanoparticles.
The hydrodynamic diameter of PtNPs in solution from DLS analysis was 11.7 nm. TGA
analysis was also done to see the metal loading by analyzing the weight loss of the sample
in the temperature range of 120 to 700°C. Because metal NPs are thermally stable within
this range, the weight loss are assumed to be entirely due to PVVPh. The presence of 38.2%
metallic Pt was observed.

Reduction reaction

An aqueous suspension of Pt/PVVPh of 0.1 mg catalyst in 0.8 ml of water was added to 0.1
ml of 4-nitrophenol solution (3 mM) into a 3 ml quartz cuvette under stirring at 500 rpm.
To this mixture, 0.1 ml of NaBH34 solution (300 mM) was added to start the reaction.
Reusability

After each cycle, the pH was decreased to 5, the catalyst was centrifuged out and washed
with water at pH 5, then re-dispersed in aqueous solution of pH 8 for reuse. There was an
abrupt decrease of activity upon reuse, likely due to aggregation of the particles, as
confirmed from the TEM images. By the fourth cycle, the activity was 27% of the initial.
Results

Activities of nanoparticle catalysts with and without PVVPh are compared in Table 4.
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Table 4. Kapp and knor values of catalysts synthesized with and without PVPh.

Amount (mmol) Kapp (5) Knor (5 mmol?)
PVPh-Pts 2.0% 103 1.12* 10 5.62
Bare-Pt 5.7*10* 1.51* 103 2.65

Citrate-capped AgAu
The AgAu bimetallic system, among many bimetallic combinations, is of particular interest
due to their stability, excellent catalytic activity, facility of synthesis, and similar crystal
structures that allow the oriented formation of one metal shell over the core of another.*°
Synthesis of catalyst

- AuNPs were prepared using the citrate thermal reduction method.”® 1 ml of 1 wt. %
aqueous solution of HAuCI4s*3H,0 added to 90 ml distilled water was stirred and heated
to boiling. 2 ml of sodium citrate was added as a reducing and stabilizing agent. The
resulting solution was left in an ice bath and washed three times.
The AgAUNPs were prepared using the seed colloidal method. The citrate-capped AuNPs
and 1 ml of sodium citrate solution were added to 30 ml distilled water and stirred. 1.2 ml
of 10 mM silver nitrate solution and 0.4 ml of 100 mM ascorbic solution were added
dropwise with stirring. The solution was stirred for 30 min and washed three times.
Characterization

- TEM images showed average diameters of 24.1 + 2.7 nm for AuNPs, 75.2 + 5.3 nm for

the bimetallic with 2.0 ml of Au seed, and 55.2 + 6.0 nm for 5.0 ml of Au seed (Figure 8).
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Figure 8. TEM images of AuNPs (a), AuUAgNPs with 2.0 ml Au seeds (b), and AuAgNPs with 5.0 ml
Au seeds (c).
Energy Dispersive X-ray Spectroscopy (EDS) analysis confirmed the presence of Ag and
Au in the nanoparticles.
High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-
STEM) images showed a stark contrast between the brightly shown heavier Au and the
lighter Ag.
Reduction reaction
- The reaction was carried out in a quartz cuvette with 3.0 ml of 0.2 mM 4-nitrophenol, 1.0
ml distilled water, and 0.5 ml of 0.4 M NaBHa solution. 0.2 ml of the catalyst was added
to initiate the reaction.
Reusability
- Reusability test was not performed.
Results

- Activities of AuUNPs and AgAuUNPs with differing amounts of Au are compared in Table

5.
Table 5. Kapp, reaction times and particle sizes of nanoparticles.
Kapp (Min?) Time (min) Particle Size (nm)
AUNPs 0.36 14 24.1
AgAuUNPs (2.0 ml Au)  0.52 8 75.2
AgAuUNPs (5.0 ml Au)  0.62 5 55.2
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AuCu-Pt

Catalysts with a AuCu metal core and Pt metal shell were synthesized.*’

Synthesis of catalyst

Oleylamine (OAm)-stabilized AuNPs were synthesized by dissolving 50 mmol HAuUCI4 in
4.6 ml oleylamine and removing O2 with gaseous N.. The solution was heated to 160°C
and stirred for 1 hr, then cooled to room temperature and precipitated by adding methanol.
To synthesize AUCuNPs, a solution of C10H14CuO4 in OAm was mixed with the AuNP
solution, heated at 280°C for 30 min with gaseous N flow and stirring. After cooling to
room temperature, AUCUNPs were precipitated out with methanol. The molar ratio of
Au:Cu was 1:4. To synthesize the AuCu-Pt catalyst, C10H14PtO4 was dissolved in OAm at
240°C with N2 and stirring for 1 hr. The solution was cooled down to room temperature
and the catalyst precipitated out with methanol.

Characterization

TEM analysis showed average diameters of AuNPs as 7.8 + 1.5 nm, AuCuNPs as 8.3 nm,
and AuCu-Pt as 9.1 nm.

Reduction Reaction

Prior to each reaction, the catalyst was ultrasonicated for 15 min. The reaction was
performed in a quartz cuvette, with 100 pl of 10 mM of the NPs added to 100 ul of 1mM
4-nitrophenol solution, adjusting the volume to 3.5 ml with water and 100 ul of 100 mM
NaBHa.

Reusability

Reusability test was not performed.
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Results

- Kapp, reaction times and particle sizes of nanoparticles are compared in Table 6.

Table 6. Kapp, reaction times and particle sizes of nanoparticles.

Kapp (Min?) Time (min) Particle Size (nm)
AuNPs 0.009 + 0.0001 >30 7.8
AgCuNPs 0.013 + 0.0001 12 8.3
AgCu-PtNPs 0.039 £ 0.0002 10 9.1

AgAuPd
The catalytic activity of the hollow trimetallic AgAuPd nanocatalyst without polymer
stabilizers was compared to AgAu bimetallic and monometallic catalysts.*®
Synthesis of catalyst

- The following synthesis procedures are referenced and only described briefly in this
review. Ag nanoparticles were synthesized by mixing AgNO3 solution and NaBH4 solution
with citrate solution and water at 70°C for 1 h, then cooled and diluted.***° Au nanoparticles
were synthesized by the citrate reduction method. HAuCl4 solution in water was boiled,
sodium citrate solution was added and stirred for 15 min until cooled, washed and diluted.**
Pd nanoparticles were synthesized by dropping cooled ascorbic acid into cooled H2PdCl,4
at 4°C, stirring for 30 min and diluted.>
AgAu nanoparticles were synthesized by adding HAuCl4 solution to NH2OH*HCI solution
and centrifuged for purification.*
AgAUPd nanoparticles were synthesized by mixing H2PdCls solution to the preformed
AgAu, dropping cooled ascorbic acid and stirred for 30 min, then centrifuged and diluted.>?
Characterization

- UV-vis spectra, TEM and wavelength dispersive x-ray spectroscopy (WDS) analyses were

obtained. The UV-Vis spectra showed the disappearance of the absorption peaks of Ag and
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Au after the deposition of Pd nanoparticles because Pd does not display surface plasmon
resonance in this range. WDS analysis confirmed the elemental composition of each
catalyst.

Reduction reaction

1.275 ml of 15 mM NaBH4 solution was mixed with 1.5 ml of 0.2 mM 4-nitrophenol
solution in a quartz cuvette. 75 ul of 2.0 mM of catalyst was added to initiate the reaction,
which was recorded for 20 min.

Reusability

Reusability test was not performed.

Results

kapp and average particle sizes are compared in Table 7. For the bi- and tri-metallic

compositions, only the ratios with the highest catalytic performance are reported.

Table 7. kapp and average particle sizes of nanoparticles.

Kapp (Mint) Particle Size (nm)
Ag 1.2*103 18 +2
Au 8.2*10° 21+ 2
Pd 15.7 * 103 303
Angul 0.8*10° 23+ 2
Ag.Au;Pd; 46.6 * 103 32+3
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Table 8. Review of 4-nitrophenol reduction studies.

Metals | Support Stabilizer | Avg. Reusability | kapp (Min™) | Notes Ref.
NP size
(nm)
Pd Graphene - 5.8 85% after 5 | 2.192 e LowerPd 9
reuses content
increased
reactivity
e  Multi-
substituted
nitrophenols
showed low
reactivity
e 0->p->m-
AuPd Graphene - 3.46 91% after 3 | 0.867 e k (41)
reuses significantly
higher than
Au/G (0.109)
and Pd/G
(0.164)
Ag - Calcium |7 Constant 1.04*10° - (43)
alginate after 3
reuses
Au - Calcium |5 Constant 0.17*10° - (43)
alginate after 3
reuses
Pt - PVPh 16 27% after 3 | 1.12*102 e Pt-PVPh> (44)
reuses bare Pt
AgAu - Sodium 55.2 - 0.62 e AgAu>Au (45)
citrate
AuCu- - Oleylami | 9.1 - 0.039 e AuCuPt> (47
Pt ne AuCu > Au
AgAUP - - 32 - 46.6*103 e Pd>Au> (48)
d Ag
e AgAuPd >
Pd > AgAu

2. Experimental

2.1 Reagents
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Reagents used for catalyst preparation and nitrophenol reduction are listed in Table 9 with their

molecular weight, purity and supplier.

Table 9. Table of reagents used for catalyst preparation and nitrophenol reduction.

Compound Molecular weight Purity Supplier
(9/mol)
Tetra chloroauric 393.83 99% Sigma Aldrich
(1) acid
trihydrate
Poly(vinyl 13000-23000 87-89% Sigma Aldrich
alcohol) hydrolyzed
Polyvinyl 29000 N/A Sigma Aldrich
pyrrolidone
Polyethylene 8000 N/A Sigma Aldrich
glycol
Sodium 37.83 >98.0% Sigma Aldrich
borohydride
Activated carbon / N/A Norit
SX1G
Biochar SWP700 / / UK Biochar
Research Centre
4-nitrophenol 139.11 >99% Sigma Aldrich
2.2 Synthesis of Catalyst

The sol immobilization technique was used to synthesize supported Au nanoparticles. For 1 g of
catalyst with a nominal metal loading of 1% wt, 0.0209 g of HAuUCIs*3H.0 were dissolved in
0.3905 L of water. 0.643 ml of fresh aqueous PVA solution (0.1012 g in 10 ml of water stirred at
100°C until dissolved and cooled) were added and stirred for 3 minutes. After 3 min, fresh aqueous
NaBHj4 solution (0.0096 g in 2.5 ml of water) was added to obtain a dark red color. After 30
minutes of stirring, 0.99 g of AC was added and the pH adjusted to 2 with concentrated H2SOa.
The reaction was left to stir at RT for 1 h and filtered using a Buchner funnel and two filter papers.
The slurry was washed with water until it reached neutral pH. The catalyst was dried overnight at

RT, then in an oven at 80°C for 4 h. The synthesis procedure is shown on Figure 9.
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Figure 9. Sol immobilization procedure for gold nanoparticle catalyst synthesis.

2.3 Biochar support as replacement for AC

A biochar sample was tested as a support for the catalyst in place of activated carbon. The
feedstock material of the biochar was soft wood pellets, with a pyrolysis temperature of 700°C and
a mean total surface area of 162.3 m?/g as opposed to 1049 m? of AC. This specific sample
contained 90.21 wt% in C, 6.02 wt% in O, 1.83 wt% in H, 1.00 wt% moisture, as well as small
amounts of N. The procedure for catalyst synthesis using biochar was similar to the standard
experimental procedure using AC except for the amount of the PVA solution added (PVA 0, PVA
0.05and PVA 0.1 instead of PVA 0.65 as with the AC catalyst) and stirring of the final pH adjusted
solution for 4 h instead of 1 h. The PVA amount was varied to study the effect of PVA amount in
terms of the final particle size of Au and the effectiveness of adsorption of preformed gold

nanoparticles on the support and dispersion of the supported gold nanoparticles.
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2.4 Characterization of catalysts
Several analytical techniques are employed in the characterization of the nanoparticle catalysts.
The techniques used in this study are:

- UV-Visible Spectroscopy (UV-Vis)

- Dynamic Light Scattering (DLS)

- X-ray Diffraction (XRD)

- Transmission Electron Microscopy (TEM)

2.4.1 UV-Visible Spectroscopy

UV-visible spectroscopy is a commonly used analytical technique in observing and quantifying
electronic transitions of molecules. In metal ions, electronic transitions occur when photons excite
electrons to a higher energy orbital. To move an electron from one energy orbital to another, the
energy of the photon must be equal to the energy gap between the two orbitals. This energy of the
photon is within the electromagnetic range of ultraviolet (UV) or visible, hence the name UV-
visible spectroscopy.

A deuterium lamp for the ultraviolet range of 190-400 nm and a tungsten filament for the visible
range of 350-2500 nm are used as the irradiation source. A monochromator separates the radiation,
thus only irradiating the sample with the desired wavelength of radiation.

To confirm the formation of gold metal nanoparticles from AuCls, UV-Vis analysis can be
performed following the formation of the Au colloidal solution prior to the addition of the support.
AuCls in solution displays peak absorbance at 222 nm, whereas metallic Au colloidal

nanoparticles display peak absorbance at 490-520 nm. Factors that influence peak position,
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intensity and width include the size, shape, concentration, aggregation of particles, as well as
dielectric properties of the chemical environment which can change with solvent and stabilizer.

The UV-Vis technique provides only an approximate of the NP dimensions and is used to support
other analytical techniques more suitable for quantitative analysis. The spectrophotometers used

were the Perkin EImer UV-VIS-NIR Lambda 19 and the Varian Cary 1E UV-Visible.

2.4.2 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is a technique used to determine the size distribution of particles
in solution. A monochromatic light reaches the sample in which the particles are moving in
Brownian motion. Particles with sizes smaller than the wavelength of the incident light scatter the
light in all directions. The scattered light is projected onto a screen showing speckles of light and
dark. The light areas are areas of constructive interference, while the dark areas represent
destructive interference. Fluctuations in intensity over time create a scattering pattern, which
allows for the analysis of the size distribution of the particles (Figure 10). DLS analysis was carried

out using a Malvern Zetasizer Nano ZS.
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Figure 10. Scheme of a DLS analysis. Particle size distribution is obtained from the graph of auto-
correlation function (ACF) in the time domain.

2.4.3 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is used to obtain information regarding unit cell structure and crystal size

of a solid. Electrons vibrating in an electric field backscatter incident X-ray light. Bragg’s law is

the theoretical basis of X-ray diffraction. Within a crystalline solid consisting of planes, incident

X-ray is reflected. When the X-ray reflected by the lower plane, given by ni, and that reflected by

the upper plane, given by 2dsin8, are in phase there is constructive interference resulting in a

diffraction pattern. Bragg’s law is given by:

2dsin® = n\

where d = distance between planes, 6 = angle between the plane and incident X-ray, n = positive

integer, and A = wavelength of the incident X-ray.
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The resulting diffractogram plots the peak intensity against 8. The width of the peaks can be used
to analyze crystal size. Broader peaks signify smaller crystallite sizes due to increased strain within
the solid. To accurately determine the crystallite size, the Scherrer equation is used:
B(26) =K\ /Lcos @
where B = peak width, K = Scherrer’s constant, and L = crystallite size (Figure 11).
The peak width B is taken as the FWHM (full width at half maximum) of the peak.
XRD analysis was performed on the AuNPs after the immobilization step of the synthesis. Metallic
gold has an FCC crystalline structure. The (111) Au plane with a strong diffraction peak at 38.2°
20 was used to calculate crystallite size. A Bragg-Brentano X’pertPro Panalytical X-ray
diffractometer was used with a copper anode (K, radiation at A = 1.5418 A) as the X-ray source
with a 0.08° step size and acquisition time of 1300 s/step in 36 - 41 26 range. Activated carbon

diffraction was also analyzed for overlapping peaks at the peak range of interest.
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Figure 11. X-ray diffraction scheme on a crystal lattice.

2.4.4 Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) is a high-resolution microscopy technique used to

observe a sample with an electron beam. The high resolution compared to optical microscopy
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comes from the higher energy, or smaller wavelength, of the electrons. TEM is used on samples
usually less than 100 nm in thickness. The microscope is composed of the electron source, the lens
system with a vacuum pipe through which the electron beam passes, the sample holder, and the
imaging system which includes a series of electromagnetic lenses and electrostatic plates. The
electron beam is adjusted by manipulating the lenses and plates.

Although XRD analysis provides an estimate of the Au crystallite dimensions, TEM is the most
precise method for determining the average nanoparticle size and particle size distribution. Au
nanoparticles supported on AC and on biochar were characterized by TEM analysis. Samples were
suspended in ethanol and treated with ultrasound for 15 minutes. The suspension was deposited
on a quantifoil-carbon film supported by a Cu grid and dried at 100°C. The TEM/STEM FEI
TECNAI F20 microscope at 200 keV was used for observations. Over 400 nanoparticles under the

size of 13 nm were analyzed to obtain the particle size distribution.

2.5 Analytics

2.5.1 UV-Vis spectroscopy

To trace the kinetics of the reduction reaction of the Au precursor and the formation of the plasmon
peak, absorbance is measured as a function of time. UV-Vis spectroscopy is an analytical
technique for identification and quantification of compounds such as transition metal ions,
conjugated organic compounds and biological ~macromolecules. Absorption or
transmission/reflection can be measured in the ultraviolet and visible ranges of the electromagnetic
spectrum. In the visible range, the absorption of light is directly correlated with the visualized color
of the sample. Absorptions measure electronic transitions from the ground state to the excited state.
When a molecule absorbs a specific quantity of energy in the form of ultraviolet or visible light,

electrons are excited to higher molecular orbitals. The measured absorbance is directly
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proportional to the concentration of the absorbing compound in the sample according to the Beer-
Lambert law:

A=eg*l*c
where A = absorbance, & = molar extinction coefficient (in Mt cm™), | = optical path length (cm),
and ¢ = concentration of the absorbing compound in solution. The molar extinction coefficient
measures the probability of the electronic transition. The optical path length in the UV-Vis
instrumentation is the width of the cuvette through which the incident light travels. Considering
the factors that define absorbance, A can be defined and written in terms of the intensities of
incident and transmitted light:

A = logio(lo/1)
where lo = intensity of incident light and | = intensity of transmitted light.
The molar extinction coefficient of 4-nitrophenol for each UV-Vis spectrophotometer used was
obtained by calibration. 4-nitrophenol solutions of different concentrations (1.5*10*M, 1.0%10M,
5.0¥10°M, 2.0*10°M, 1.0*10°M) with 4.5%10°M in NaBH were analyzed on each instrument.
The absorbance at 400nm for each solution was plotted against the concentration, and the obtained
slope of the line was taken as the molar extinction coefficient. An average coefficient value of

three sets of calibrations was taken.

2.6 4-nitrophenol reduction reaction

The reduction of 4-nitrophenol by sodium borohydride to 4-aminophenol is a model reaction for
observing catalytic activity because it does not proceed without a catalyst. Both 4-nitrophenol and
NaBH4 adsorb onto the active sites on the AuNPs to react (Figure 12). Therefore, a higher

concentration of 4-nitrophenol implies a lower rate constant as there is less NaBH4 adsorbed onto
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the NPs to react. In this reaction, the NaBH4 supply is in excess with respect to 4-nitrophenol to

maximize the rate constant (Figure 13). This reaction can, therefore, be seen as a pseudo first-order

reaction.
| [
[ Lo
g { NaBHs & S {
4 Nervphenal | 4 Arinophens]
Supported Catalyst (Au/AC)
Figure 12. 4-nitrophenol conversion to 4-aminophenol with supported catalyst.
NO, NH,
4 + 3NaBH, ——> 4 + 3NaBO, + 2H,0
OH OH

Figure 13. Stoichiometric reaction scheme of 4-nitrophenol reduction to 4-aminophenol.

2.7 Kinetics

To test the activity of the AuNPs, the reduction of 4-nitrophenol by NaBH4 in water was analyzed
using UV-Vis. Repeated measurements of the reaction solution were taken either manually or
automatically by the instrument depending on the reaction setup. The peak around 400 nm, labeled

4-NP in Figure 14, represents the absorbance of 4-nitrophenol. This peak is seen disappearing over
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time, while a new peak around 300, labeled 4-AP which represents 4-aminophenol, gradually
emerges over time. The noise peaks seen around 200-280 nm are from the change of filter. The
changes in absorbance values for 4-nitrophenol were used in the Beer-Lambert law to calculate its

concentration. The calibrated molar extinction coefficient for the UV-Vis was &£ = 18100Mtcm™,
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Figure 14. 4-nitrophenol peak disappearance and 4-aminophenol peak emergence over
reaction time.

2.8 Preparation of reaction solutions

A 0.01 M 4-nitrophenol stock solution was prepared by dissolving 0.1391 g of 4-nitrophenol in
100 ml of water in a volumetric flask. Fresh 4-nitrophenol reaction solutions (2.0%10* M) were
made from this stock solution by micropipetting 500 ul of the stock solution into a 25 ml
volumetric flask and diluting to the mark with distilled water. To prepare the NaBH4 solution
(9.0*103 M) with a 4-nitrophenol:NaBH4 molar ratio of 1:45, 8.5 mg of NaBH4 were dissolved in
water, transferred into a 25 ml volumetric flask and diluted to the mark with water. 4.0 mg of the

catalyst were weighed out on an analytical balance. The blank solution was prepared by dissolving
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4.3 mg of NaBHys in water, transferring into a 25 ml volumetric flask and diluting to the mark with

water.

2.9 Effect of reaction setup

2.9.1 Stirring (round-bottom flask) setup

25 ml of 4-nitrophenol (2.0*10*M) solution was poured into a 250 ml round-bottom flask with
stirring at 1000 rpm at room temperature. 25 ml of NaBHa (9.0%10-3M) solution was then added
to the flask to yield a yellow color, and the catalyst was added lastly, starting the timer to record
the reaction time (Figure 15). While stirring, each measurement was taken by sampling 3.5 ml of
the solution using a syringe with a 0.22 um PTFE filter to filter out the catalyst. The filtered sample
was analyzed by UV-Vis in a 1 cm quartz cuvette. The reference sample, the NaBH4 solution, was
analyzed simultaneously in the reference sample holder. A sample was filtered and analyzed

approximately every 4 minutes, and the analyzed sample was discarded.
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Figure 15. Stirring reaction setup and procedure.

2.9.2 Non-stirring (cuvette) setup

The catalyst was put in a 50 ml beaker and the 25 ml of 4-nitrophenol (2.0*10*M) solution added.
25 ml of the NaBH. (9.0*10*M) solution was then added, starting the timer to mark the start of
reaction. The yellow solution was gently mixed using a pipette motion, making sure the catalyst
has had a chance to evenly distribute itself before sampling, while avoiding any aggressive stirring.
A sample was drawn into a quartz cuvette and analyzed 2 minutes and 30 seconds into the start of
the reaction (Figure 16). Measurements were taken of the same sample approximately every 3
minutes until the end of the reaction which is marked by the disappearance of the 4-nitrophenol
peak at around 400 nm. The reference sample, the NaBH4 solution, was analyzed simultaneously

in the reference sample holder.
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Figure 16. Non-stirring reaction setup and procedure.

2.10 Catalyst Reusability

Recovery and reusability of the catalyst using PEG as stabilizer were tested for 5 cycles with the
non-stirring method. After each reaction, the catalyst was recovered from the aqueous solution by
centrifugation at 4500 rpm for 15 min. The supernatant was removed, and the catalyst was
recovered using 25 ml of 4-nitrophenol solution (2.0%10*M). This solution mixture was reacted

with 25 ml of NaBH, solution (9.0%10M) and its reaction traced.

2.11 Effect of 4-nitrophenol:NaBHs molar ratio
This reaction involves NaBHys in excess with respect to 4-nitrophenol, with a 4-nitrophenol:NaBH4
ratio of 1:45. Therefore, the reaction follows a pseudo-first order kinetics. However, considering

the possibility of degradation of the hygroscopic NaBHa in solution during reaction, tests were
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performed with increased amounts of NaBHa. The 4-nitrophenol:NaBHj ratios of 1:60, 1:70 and

1:80 were tested.

2.12 Stability of 4-nitrophenol and NaBHa4 solutions

The long-term stability of the two reactant solutions was tested to ensure accurate comparisons of
reactions over an extended period. For each reaction, a fresh sodium borohydride solution is made.
Solutions were prepared from one old and one new lot of sodium borohydride. The reaction rate

constant, k, for each trial was measured and compared.

2.13 Stability of catalyst

Long-term stability of the catalyst was tested by comparing the activities of a newly prepared
catalyst with an old catalyst which was approximately 1 year old. The difference between the two
catalysts is in the amount of stabilizer. The old catalyst had a PVA to Au ratio of 0.6, whereas the

new catalyst had a ratio of 0.65.

3. Results and Discussion

3.1 UV-Vis

With the UV-Vis spectra of the Au precursor and the AuNP colloidal solution, it is possible to
study the formation of the nanoparticles during synthesis. Although the position and shape of the
plasmonic peak of the AuNPs can provide an estimate of their dimensions, other techniques such
as XRD and TEM are necessary for an accurate determination of crystallize size and average

dimension.
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Figure 13 shows UV-Vis spectra of the Au precursor and the colloidal solution with a PVA:Au
weight ratio of 0.65. At around 300 nm, the precursor shows a peak corresponding to the yellow
color of the solution. At 3 min after having added the NaBH4, the plasmonic peak of the AuNPs
shows around 500 nm. With time, a shift in this plasmonic peak to a higher wavelength (red-shift)
indicates an increase in nanoparticle size. Conversely, a shift to a lower wavelength (blue-shift)
indicates a decrease in nanoparticle size. The exact position of the peak as well as its intensity and
width depend on many factors such as the size, shape, concentration or aggregation of the
nanoparticles. In Figure 17, a slight shift of the plasmonic peak to a higher wavelength can be seen
after 30 minutes. From 30 to 120 minutes, there is no increase in wavelength seen, indicating the

nanoparticles are stable after 30 minutes.
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Figure 17. UV-Vis spectra of Au colloidal solution with PVA 0.65 before and after the addition
of NaBH..

The same analysis was performed for the colloidal solutions with PVA:Au weight ratio of 0.1 and

0.65 (Figure 18). From 3 to 25 min after the addition of NaBHa, a shift and change of shape of the
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plasmonic peak is shown for both. However, the degree of this shift and change over time is greater

in the PVA 0.1 colloidal solution, indicating that a higher amount of PVA leads to the formation

of more stable nanoparticles.
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Figure 18. UV-Vis spectra of Au colloidal solutions with PVA 0.1 and PVA 0.65 after 3 min and 25 min

from the addition of NaBHa.

3.2 Dynamic Light Scattering (DLYS)

To evaluate the stability of the nanoparticles over time, the change in the hydrodynamic diameter

as a function of time was observed. The hydrodynamic diameter of the AuNPs stabilized with PVA

in solution was previously analyzed using DLS. The solution was analyzed after the reduction by
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NaBHj, for five measurements in total to trace the stability of the nanoparticles: after 30 minutes,
1.5h, 24 h, 48 h, 120 h (Figure 19). There was an initial decrease in the first 24 hours from 5.6 nm
at 30 minutes to 4.2 nm at 24 h, likely due to the polymers initially bonding and thinning around

the nanoparticles. NP size remained constant after 120 hours of formation.
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Figure 19. Average size of Au/AC stabilized with PVA 30 min, 1.5 h, 24 h, 48 h and
120 h after reduction.

3.3 X-Ray Diffraction (XRD)

The UV-Vis and DLS analysis can give an idea about the dimension and stability of the preformed
Au nanoparticles; however, the immobilization step during synthesis could affect the final
dimension. To evaluate the AuNP dimension after immobilization, XRD analysis allows for an
accurate determination of the crystallize size with the Scherrer equation. In Figure 20 the
diffraction peak of Au/AC PVAO0.65 was compared with those of the series of catalysts prepared
with biochar as support (Au/Bioc PVA 0, Au/Bioc PVA 0.05 and Au/Bioc PVA 0.1). Moreover,
the XRD pattern of the supports (AC and biochar) were reported to evaluate any possible overlap.
From Figure 20 it is seen that the average NP sizes of the Au/biochar are larger than those of the
Au/AC PVAO0.65 catalyst, which is expected due to the higher amount of PVA presence in the
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sample supported on active carbon. The presence of PVA results in a smaller crystallite size.
Among the Au/biochar catalysts, the correlation between the amount of PVA added and average
NP size is shown. Au/biochar PVA 0.05 and Au/biochar PVA 0.1 show little difference in NP size,

whereas Au/biochar PVA 0 displays significantly higher average NP size.

AU-Boc_PVA0.05

200000 —

100000 —|

Position [*2Thets] (Copper (Cu))

Figure 20. X-ray diffraction pattern of supports and catalysts. Red: Au/biochar PVA 0; blue: Au/AC PVA
0.65; green: Au/biochar PVA 0.1; grey: biochar; brown: AC; pink: Au/biochar PVA 0.05.

3.4 Transmission Electron Microscopy (TEM)

For a proper comparison of the effect of the amount of PVA and of the support on the mean Au
nanoparticle size, TEM analysis is required. For Au/AC PVA 0.65, the average particle size was
2.4341.6 nm (Figure 21). For Au/AC without PVA, the average particle size was 8.86+11.5 nm
(Figure 22). For Au/biochar without PVA, the average particle size was 5.84+2.3 nm (Figure 23).
Results are summarized in Table 10.

The Au/AC without PVA showed a larger average particle size and particle size distribution
compared to Au/AC PVA 0.65. The Au/biochar without PVA showed a smaller average particle

size and particle size distribution compared to Au/AC without PVA. Some agglomeration of
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particles of individual sizes in the range of 3-50 nm to yield a total agglomerate of over 100 nm
was seen (Figure 24). In HAADF-STEM images, the intensity contrast resulting from differences
in atomic number of the Au and the carbon in biochar enables a better distinction of the
nanoparticles dispersed on the support. In the absence of the stabilizer, the biochar led to the
formation of smaller nanoparticles.

Table 10. Mean AuNP sizes and standard deviation for catalyst with different supports and amount of PVA.

Au/AC PVA 0.65 AU/AC PVA O Au/Bioc PVA O
AUNP size 2.43+1.6 8.86+11.5 5.84+2.3
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Figure 21. Mean particle size and particle size distribution of Au/AC PVA 0.65.
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Figure 22. Mean particle size and particle size distribution of Au/AC PVA 0.

10

]

Frequency (%)

<

1]

1T 3 5 79 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

Particle dlameter (nm)

Figure 23. Mean particle size and particle size distribution of Au/biochar PVA 0.
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Figure 24. TEM and STEM-HAADF images of Au/biochar PVA 0. (a) Minimum dimensions of well-
dispersed particles: 2.5 nm with agglomerates of <50 nm. (b) Agglomerates of particles 5-50 nm for a
total of 80-90 nm. (c) Agglomerates of particles for a total of 290 nm. (d) Well-dispersed particles of 3-35
nm. (e) Agglomerates of particles 3-50 nm.
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3.5 Stability of 4-nitrophenol solution

As reported in Chapter 2, fresh 4-nitrophenol solutions used for each reaction are dilutions of a
stock solution. To check the stability of 4-nitrophenol, an old stock solution, prepared
approximately 4 months prior, was tested against a newly prepared stock solution. The lot of 4-
nitrophenol reagent used was the same for both stock solutions. Table 11 gives the k obtained using
the two different stock solutions, and the old 4-nitrophenol solution shows a higher k as well as a
lower maximum absorbance. With the assumption that NaBHa is in excess in the reaction, which
holds true based on the final conversion rate for all reactions being 95%, it is expected that the
reactions using the old 4-nitrophenol solution would exhibit a higher rate constant. The
degradation of 4-nitrophenol in solution over time could explain the lower amount of 4-nitrophenol

reacting with the same amount of catalyst, giving a higher k.

Table 11. k values for reactions using old vs. new 4-nitrophenol solutions.

Sample k (mint) £SD
Old 4-NP sol’n 0.136+0.002
New 4-NP sol’'n 0.0838

3.6 Stability of NaBH4 as reagent

NaBHa4 solutions for each reaction are freshly prepared from one lot or container of NaBHa. It is
known that NaBHj4 is hygroscopic, and with time the water absorbed can reduce the reactivity. To
evaluate the effect of this phenomena, NaBHa solutions prepared from a 6-month old vs. newly
opened lot of NaBH4 were compared to check for its stability. Table 12 shows that the old NaBH4
resulted in a lower k with a high standard deviation, different from the new NaBHi. The
hygroscopicity of the NaBH4 may have led to NaBH4 molecules that are less active, especially at

the surface of the container from which the NaBH4 was sampled.
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The stability tests performed on the two reactants highlight the importance of preparing fresh
solutions with fresh lots of chemicals due to their possibility of skewing experimental data over

time.

Table 12. Average k value and standard deviation for reactions using old
vs. new lot of NaBHa.

Sample k (mint) £SD
Old NaBH4 0.10+0.02
New NaBH4 0.136+0.002

3.7 Stability of Catalyst

Two catalysts, Au/AC PVA 0.6 prepared approximately one year prior, and the newly prepared
AU/AC PVA 0.65 were tested to compare the long-term stability of the catalyst. Figure 25 shows
the superior performance of the newly prepared catalyst with a k value of 0.0794 vs. 0.0442 min
! Based on the correlation of k values of catalysts with different amounts of stabilizer, as
previously researched in our lab and shown in Table 13, it is highly unlikely that this difference in
performance is due to the slight difference in the amount of stabilizer. Following this trend, it is

plausible to assume a significant decrease in catalytic activity over time.
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Figure 25. Reaction rate constants k for old vs. new catalyst.

3.8 Effect of 4-nitrophenol:NaBH4 molar ratio

After the evaluation of the stability of all reagents and catalyst, some reaction parameters were
investigated. Conversions of 4-nitrophenol with various molar ratios of 4-nitrophenol:NaBHs were
compared. Although the 4-nitrophenol:NaBHa ratio of 1:45 is stoichiometrically in high excess,
higher amounts of NaBH4 were tested for any differences. As shown in Figure 26, there is a pattern
of increased rate of conversion with higher amounts of NaBH4 in solution. A pseudo-first order
reaction is one which its kinetic rate depends on one reactant due to the excess of the other.
Although NaBHs is added in stoichiometric excess, the data suggest there is a degradation of
NaBH; occurring during the reaction. Further experiments should be done with increased amounts
of NaBHa to see where a plateau occurs, then the reaction can be analyzed as a pseudo-first order

reaction.
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Figure 26. 4-nitrophenol conversion with various 4-nitrophenol:NaBH, ratios. Error bars represent
standard error.

3.9 Polymer stabilizers

Because the reactions take place on the surface of the nanoparticles, slight changes in structure,
size or chemical composition of the NPs can greatly alter catalytic properties. The high surface
energy of nanoparticles also makes them thermodynamically unstable and, thus, nanoparticles tend
to stabilize themselves through agglomeration and aggregation. A fine balance between increasing
the surface area of the nanoparticles and maintaining their stability by avoiding aggregation must
be kept. Too large of the nanoparticle size can hinder reactivity due to less surface area, and too
small of the size can increase their surface energy, promoting aggregation. To prevent this,
polymers with high chemical stability, solubility and non-toxicity are added as a stabilizing agent
in synthesizing the catalyst. Stabilization by polymers occurs sterically, where the polymeric
chains on the surface of the nanoparticles prevent their attraction and agglomeration. The presence
of polymers, therefore, increases the stability of the nanoparticles to maintain their catalytic

activity. Electrostatic stabilization is also possible, although the sensitivity of electrostatic forces
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to ionic strength and pH changes makes them less desirable. Figure 27 shows gold nanoparticles

stabilized using PVA and citrate that keep the nanoparticles from attracting each other.
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Figure 27. Scheme of steric vs. electrostatic stabilization of nanoparticles.

Commonly used polymers in stabilizing metal nanoparticles include but are not limited to
polyethylene glycol (PEG), polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA). These three
polymers have been analyzed previously for the nanoparticle sizes and reaction rate constants
(Table 13). PEG was the stabilizing agent that gave the highest k, while PVVA allowed the formation
of nanoparticles in the smallest dimensions of 2-3 nm. Within the same polymer stabilizer,
especially for PVA and PVP, the smaller the nanoparticle size the higher the k. Because the nature

of the polymer affects the dimensions and activity of the catalyst, one type of polymer stabilizer
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was selected to use for each test. PEG was used for the series of reusability tests due to it giving

the higher k, whereas PVA was used for all other tests.

Table 13. k values and nanoparticle sizes of Au/AC catalysts with different stabilizers.

Sample k (min-1) Nanoparticle size (nm)

Au/AC PEG 0.3 0.048 10.3
Au/AC PEG 0.65 0.087 6.4
Au/AC PEG 1.2 0.088 6.2
AU/AC PEG 2.4 0.061 8
Au/AC PVP 0.3 0.078 6.7
Au/AC PVP 0.65 0.049 6.4
Au/AC PVP 1.2 0.028 8.2
Au/AC PVP 2.4 0.011 8.1
Au/AC PVA 0.3 0.036 3.6
Au/AC PVA 0.65 0.037 3.1
Au/AC PVA 1.2 0.039 2.6
AU/AC PVA 2.4 0.059 2.2

Au/AC PVA 0O 0.047 6.4

3.10 Catalyst Reusability

A recovery and reusability method of the catalyst using PEG as a stabilizing agent was tested using
the non-stirring cuvette setup to determine its suitability. Conversions for the initial and 5 reuse
reactions are compared in Figure 28. Although the initial reaction and first reuse yielded similar
conversion rates with near complete conversion within 20 min, significant decreases in conversion
rates are seen in subsequent reuses with the last reaction yielding only 25% conversion in 1 h. It is
noted that small particles of catalyst were observed suspended in liquid phase after centrifugation.
The drastic loss of activity by the 3" reuse may, therefore, mainly be due to the loss of catalyst
during recovery than from the deactivation of the catalyst. However, it may be assumed that the
active sites at the surface of the catalyst over several reuses become saturated. To avoid the

poisoning of active sites, a washing step must be added after each cycle. Another possible
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assumption is the agglomeration of the nanoparticles that would decrease the activity. A TEM
analysis of the recovered catalyst for any change in particle size distribution would confirm or

eliminate this hypothesis.
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Figure 28. Reusability test with decrease in 4-nitrophenol conversion over 5 reuses.

3.11 Effect of support-substrate adsorption

It has been shown from previous studies from our team that AC, with its high surface area, adsorbs
some of the 4-nitrophenol during the reaction. 4-nitrophenol reduction was analyzed with AC in
place of the catalyst to show that the total adsorption of 4-nitrophenol onto AC was 90% using 16
mg of AC and stirring during reaction, 40% using 4 mg of AC and stirring during reaction, and
25% using 4 mg of AC and eliminating stirring during reaction. Therefore, to minimize this effect
of the support, the amount of catalyst added to the reaction was decreased from 16 mg to 4 mg,
and the reaction was performed without stirring. The adsorption of 4-nitrophenol by activated
carbon compared to the conversion of 4-nitrophenol by the catalyst during a typical reaction is

shown in Figure 29.
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Figure 29. Adsorption of 4-nitrophenol by AC compared to that by Au/AC + PVA.

3.12 Biochar support as replacement for AC

Carbon materials have been widely used as a catalyst or as a catalyst support. Their large surface
area, highly porous structure, electronic conductivity and chemical inertness allows it to be
effective at reducing metals while being stable under acidic or basic environments or at high
temperatures. They are a more affordable option compared to other common supports such as
alumina and silica, while providing the versatility in shape and pore sizes which can be controlled
during synthesis.®® Activated carbon is one of the most used carbon materials as a metal
nanoparticle support.

Taking the remediation of wastewaters through 4-nitrophenol reduction an extra step towards
green chemistry, biochar obtained from the pyrolysis of various types of biomass is a newly
researched topic. Biochar, charcoal derived from waste biomass, is obtained by pyrolysis in an

oxygen-limited environment from renewable feedstock. Biochar provides many advantages over
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the conventional activated carbon from coal coke. The utilization of biochar in catalysis presents
a sustainable, more integrated process in biomass refining as emissions of CO2, H2S, SO, and NOx
are less.>

Biochar can be produced from wood, grass, manure, agricultural waste, municipal solid waste, or
bones. The nature of the biochar strongly depends on the processing conditions such as the mineral
and organic content of the feedstock and the pyrolysis temperature. Pyrolysis temperature
influences the pore size and surface area of the biochar. The higher the pyrolysis temperature, the
volatiles are released from the surface of the biomass, creating more pores and a larger surface
area.®* At temperatures above 500°C, the biochar contains the highest amount of condensed
aromatic carbon which exhibits high stability over time.2 The use of carbonaceous materials from
agricultural waste for applications in industry is of much interest due to the widespread availability,
low cost and environmental implications. In this specific study, the significance of biochar as
carbon support lies in its low surface area compared to activated carbon. While AC is processed
to have small pore sizes for a high surface area for efficient adsorption, experimental data showed
high adsorption of the 4-nitrophenol during reaction. Using biochar samples with a much lower
surface area provides one way of preventing 4-nitrophenol adsorption by the support, thus enabling
solely the visualization of the catalyst activity in 4-nitrophenol reduction.

Besides its function as a support for dispersal and stabilization of metals, biochar may also work
as a reducing agent to convert metal oxides to the metallic state.>* Also, the presence of inorganic
species may play a positive or negative role in biochar as a catalyst support. Inorganic content of
biochar depends predominantly on the composition of the raw biomass. The presence of some

inorganic elements may catalyze the pyrolysis process, increasing the biochar yield. On the other
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hand, it has also been reported that high inorganic content in the biomass led to slower formation
of stable polycyclic aromatic carbons, resulting in low stability of biochar.>®

In a study conducted on the adsorption of 4-nitrophenol onto biochar from recycled pine sawdust,
a higher pyrolysis temperature of the char resulted in a larger surface area, higher aromaticity and
lower hydrophobicity, making the char more effective in the adsorption of 4-nitrophenol.*

In another study with regards to nanoparticle support, Pd nanoparticles with Fe-biochar from the
pyrolysis of sawdust with preloaded Fe were tested in the reduction of 4-nitrophenol with NaBHa.%’
During the reaction, the activity of Pd on Fe-biochar was superior than that of Pd on activated
carbon at a certain Pd loading. The reusability of the Pd on Fe-biochar catalyst was successful via
magnetic separation, with 90% of initial activity after 5 reuses.

Previous studies have shown that AC adsorbs a significant amount of 4-NP during the reaction.
Biochar as a replacement for AC was tested to see whether it also adsorbs 4-NP. Three different

catalysts were also synthesized using biochar: no PVA, 0.05 and 0.1 weight ratio of PVA to Au.
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Figure 30. Comparison of conversion using biochar catalysts using the non-stirring
(cuvette) vs. stirring (round-bottom flask) setup.
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Figure 30 shows that in both reaction setups with and without stirring, the adsorption with biochar
was lower, with approximately 0-4%. In comparing the two reaction setups, the non-stirring setup
with the biochar catalyst yielded a significantly higher conversion rate, with no adsorption of 4-
nitrophenol by the pure biochar. As observed in the AC catalyst, the higher conversion using the
non-stirring setup was unexpected. Figure 30 shows that for pure carbon the stirring setup yields
higher conversion, while the catalyst exhibits the opposite behavior. Therefore, the possibility of
deactivation or leaching of the gold nanoparticles during the reaction was considered. A
modification of this setup should also be investigated for the biochar to confirm whether the result
is due to the performance of the nanoparticles or a flaw in the reaction setup.

Figure 31 reports the comparison among Au/AC and Au/Bioc catalysts with different amounts of
PVA. The Au/AC catalyst exhibited the highest conversion rate, although the adsorption by AC
itself should be considered. Pure AC adsorbs approximately 20-25% of the 4-nitrophenol, whereas
pure biochar adsorbs anywhere from 0-4%. This result shows promise in the potential for biochar
as catalyst support in place of AC. The subtraction of the adsorption effect of carbon is not
necessary for an accurate analysis of the performance of the nanoparticles. Au/Bioc PVA 0 and
Au/Bioc PVA 0.1 exhibited similar activity, whereas the Au/Bioc PVA 0.05 exhibited poor
activity. Following these results, a reproducibility test was performed for each biochar catalyst to

check for inconsistent activity (Figure 32).
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Figure 31. Conversion with AC catalyst vs. biochar catalysts with different amounts
of PVA using the non-stirring reaction setup.
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Figure 32. Comparison of reaction rates between biochar catalysts with differing amounts of PVA.

Table 14. Comparison of average k values with standard deviation
between biochar catalysts with differing amounts of PVA.

Biochar catalyst Average k (min) £SD

Au/Bioc PVA 0 0.0190 +0.0164
Au/Bioc PVA 0.05 0.0112 £0.0135
Au/Bioc PVA 0.1 0.0278 £0.0106
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From Figure 32 and Table 14, it is shown that the catalysts Au/Bioc PVA 0 and Au/Bioc PVA
0.05 display low k values with high standard deviations. The inconsistency in activity in these two
catalysts could be attributed to insufficient amounts of PVA to produce uniform nanoparticles.
With such a small quantity of catalyst used in the reaction and small amounts of PVA, the catalyst
is not homogeneously dispersed. Therefore, the particle size distribution would be wider, resulting
in drastically different activity each trial. The high k and low standard deviation of the Au/Bioc
PVA 0.1 shows that the high amount of stabilizer results in a more active catalyst with high
reproducibility from one test to another.

To properly compare the activities of Au/AC and Au/Bioc, Au/Bioc PVA 0.65 was prepared so
that the amount of PVA is the same. However, preparation of a biochar catalyst with a PVA:Au
weight ratio 0.65 was unsuccessful as seen from the residual pink/purple color of the solution
following filtration (Figure 33). It was hypothesized that the interaction between -OH groups on
PVA and the carbon hindered the immobilization of the AuNPs onto the biochar. However, the
concern with eliminating the PVA stabilizer is the potential agglomeration and growth of the
AUNPs, resulting in poor catalyst activity. A wide range of NP size distribution could also yield,

to a certain degree, inconsistent activity from one test to another.
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Figure 33. Filtered solution with high amounts of PVA leading to residual color.

Table 15 compares the average k values of Au/AC and Au/Bioc catalysts with different amounts
of PVA for a comprehensive overview. The Au/AC catalysts show superior performance with and
without PVA. However, it is noted that reproducibility tests were not performed with the Au/AC

catalysts.

Table 15. Comparison of average k values with standard deviation
among biochar catalysts and AC catalysts with differing amounts of PVA.

Catalyst Average k (min') £SD
Au/AC PVA O 0.0470 + NA
Au/AC PVA 0.65 0.0794 + NA
Au/Bioc PVA 0 0.0190 +0.0164
Au/Bioc PVA 0.05 0.0112 +0.0135
Au/Bioc PVA 0.1 0.0278 +0.0106
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4. Conclusions and suggestions for future work

Metal nanoparticles offer an extraordinarily wide range of factors to explore, including
combinations of metals, supports and stabilizers, modes of preparations, and more. Among the
investigated metals, gold nanoparticles are chosen for their high stability and reactivity in
ambient conditions, showing promise in an increasing role in catalysis. The experimental and
literature review sections of this paper highlighted the effects of supports and stabilizers on metal
nanoparticle catalysts, as well as synergistic effects of metals. Activated carbon / biochar
supported gold nanoparticles were prepared using the sol immobilization technique. Average
particle sizes of Au/AC PVA0.65, Au/AC PVAOQ and Au/biochar PVAQ analyzed with TEM
were 2.4+1.6 nm, 8.9 +£11.5 and 5.8+2.3 nm, respectively. Among the Au/biochar catalysts,
although it was seen that the absence of PVA led to higher nanoparticle sizes, there was little
difference in the activities. Au/biochar PVAQ.1 showed the highest activity, with a k value of
0.0278 compared to 0.0794 of Au/AC PVAO0.65. A consideration when comparing these values
is that biochar did not adsorb any 4-nitrophenol, whereas AC adsorbed 20-25% of the 4-
nitrophenol. For biochar-supported metal nanoparticle catalysts to be applied industrially, a
better understanding of the properties of biochar as support and its correlation with catalytic
activity must be achieved. Due to the differences in behavior of biochar and activated carbon,
modifications of the standard procedure of catalyst synthesis to yield well-dispersed, small
nanoparticles is critical.

Reaction conditions and setups of 4-nitrophenol reduction were also tested. Regarding the
stabilities of test solutions, the necessity to prepare fresh solutions with fresh chemicals was
established. The stability of the catalyst was also tested, showing a noticeable difference in activity

over a 1-year period. Comparing the reaction with and without stirring, the unexpected result of
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higher conversion with the non-stirring method may point to a sampling flaw or the possibility of
deactivation or leaching of gold nanoparticles during the reaction.

Some suggestions for continuation of this research include preparing the Au/AC catalyst with the
same amount of PVA as the Au/biochar sample. Comparing Au/AC PVA 0.1 (PVA:Au weight
ratio) with Au/biochar PVA 0.1 will allow to properly compare the functions of the support and
determine the suitability of biochar as a replacement for AC.

A catalyst reusability test which involves a washing step after each cycle while minimizing the
transfer of sample solution to avoid loss of catalyst would allow to check for catalyst deactivation.
Furthermore, ICP-AES analysis of the catalyst by quantifying metal loading in the solution post-

reaction would provide evidence of gold nanoparticle leaching, resulting in loss of catalyst activity.
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