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Abstract: In this study, the temperature-dependent activity of Au/AC nanocatalysts in redox catalytic
reactions was investigated. To this end, a series of colloidal gold catalysts supported on activated
carbon and titania were prepared by the sol immobilization method employing polyvinyl alcohol
as a polymeric stabilizer at different hydrolysis degrees. The as-synthesized materials were widely
characterized by spectroscopic analysis (XPS, XRD, and ATR-IR) as well as TEM microscopy and
DLS/ELS measurements. Furthermore, 5-hydroxymethylfurfural (HMF) oxidation and 4-nitrophenol
(4-NP) reduction were chosen to investigate the catalytic activity as a model reaction for biomass
valorization and wastewater remediation. In particular, by fitting the hydrolysis degree with the
kinetic data, volcano plots were obtained for both reactions, in which the maximum of the curves
was represented relative to hydrolysis intermediate values. However, a comparison of the catalytic
performance of the sample Au/AC_PVA-99 (hydrolysis degree of the polymer is 99%) in the two
reactions showed a different catalytic behavior, probably due to the detachment of polymer derived
from the different reaction temperature chosen between the two reactions. For this reason, several
tests were carried out to investigate deeper the observed catalytic trend, focusing on studying the
effect of the reaction temperature as well as the effect of support (metal–support interaction) by
immobilizing Au colloidal nanoparticles on commercial titania. The kinetic data, combined with the
characterization carried out on the catalysts, confirmed that changing the reaction conditions, the
PVA behavior on the surface of the catalysts, and, therefore, the reaction outcome, is modified.

Keywords: gold colloidal nanoparticles; hydrogenation of 4-nitrophenol; HMF oxidation; PVA
hydrolysis degree

1. Introduction

In recent years, inorganic nanostructured materials have emerged as suitable het-
erogeneous catalysts for the industrial-scale production of value-added chemicals [1–5].
However, a specific design for high-performing nanocatalysts resulted in more complex
structures due to a large number of variables such as catalytic environment and the dy-
namic mass- and energy-transport processes at the solid–liquid or solid–gas interfaces [6–8].
A more organic approach that includes the multifaceted role of the support along with
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the tunability of nanoparticles (NPs) themselves offers new strategies for the design and
performance optimization of heterogeneous nanocatalyst systems [9–11]. Thus far, a se-
ries of methodologies to synthesize NPs and nanoalloys with full control of their shapes
and sizes has resulted in widespread applications in engineering, medicine, and cataly-
sis [12–16]. The effect of particle size, topology, and surface crystal facets on the catalytic
activity of noble metal nanocatalysts has been well documented and reviewed [17–22].
However, wet-chemical preparation involves the utilization of specific ligands that can
bind the surface of nanocatalysts to tune the nanostructures and prevent the aggregation
phenomena by lowering the free energy of the metal surface [23–25]. In fact, when NPs start
agglomerating, they tend to become bulk-like materials and lose their peculiar features;
therefore, a number of fundamental research have been carried out based on stabilization
strategies [23,26]. Polymeric coating of colloidal particles is a robust and effective tech-
nique for imparting colloidal stability. The use of polymeric stabilizers such as polyvinyl
alcohol (PVA), polyvinyl pyrrolidone (PVP), and polyethylene oxide (PEG) was widely
investigated in different catalytic materials and reactions [27,28]. In particular, PVA exhibits
properties such as hydrosolubility, biodegradability, and biocompatibility, which are more
interesting to design a catalytic material by its synthesis in water media [29–31]. The con-
formation of surface ligands on a confined NP surface is largely determined by the chain
length/charge/density of ligands and nanoparticles’ surfaces. In addition, novel studies
have focused on the effective role of the polymers in the catalytic mechanism in terms
of active phase coverage, selectivity tuning, and promotion effect mediated by defined
functional groups [17]. Chen et al. prepared coated ultrathin platinum nanowires and
investigated the presence of interfacial electronic effects derived from organic capping
during catalytic hydrogenation [32]. Furthermore, Zhang et al. described the role of ligands
on the d-charge distribution in gold nanoparticles [33]. Shafer et al. showed the possibility
to perform enantioselective hydrogenation modifying the structure of polymers used in
supported Pd catalysts [34]. In this topic, polymeric stabilizers used in the synthesis of
nanostructured materials can play significant roles in controlling catalytic activity and
catalyst stability and could be offered as a “toolbox” for designing highly effective and
stable catalysts. Recently, several researchers have focused on supported catalysts based on
noble metals (Pd, Pt, Ru, or Au) or their combination (bimetallic systems) for the conversion
of biomass and derivatives due to their role as potential alternatives to the traditional fossil
sources to produce fuels and chemicals [35–39]. The oxidation of lignocellulosic platform
molecules to value-added chemicals has been laid out as an efficient pathway for the
valorization of biomass-based compounds. Among them, 5-hydroxymethylfurfural (HMF),
produced by fructose or glucose dehydration, is considered to be a versatile chemical bio-
based platform compound and, therefore, is a key precursor for the synthesis of important
biomass-based furanic compounds with widespread applications. The oxidation of HMF to
2,5-furandicarboxylic acid (FDCA) is an impressive strategy to obtain a bio-based monomer
for the polymer industry [40]. For instance, polyethylene 2,5-furandicarboxylate (PEF) is
an excellent biopolymer alternative to polyethylene terephthalate (PET), which is obtained
from fossil-based monomer terephthalic acid. In our previous study, we synthesized ac-
tive carbon-supported Au species by using poly(vinyl alcohol-co-vinyl acetate) stabilizer
prepared by the sol immobilization technique [41]. Unprecedented catalytic activity and
stability were obtained with these catalytic materials in the reduction of 4-nitrophenol to
4-aminophenol. This reaction proceeds under mild conditions, and it is used as a model
because is well controlled in the presence of the NPs without forming by-products and
side-products and that the kinetics analysis is easily monitored by UV–Vis spectroscopy. A
volcano plot was observed linking the catalytic performance with the hydrolysis degree of
the polymeric stabilizers, and the maximum of the curve was identified at intermediate
values. By these findings, we emphasize the importance of ligand–nanoparticle interrela-
tionships in the catalytic mechanism of supported nanoparticles. Based on these premises,
the aim of this paper was centered on a critical comparison between the catalytic activity
observed for HMF oxidation and 4-nitrophenol reduction mediated by gold nanoparticles
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supported on activated carbon. The effect of customized poly(vinyl alcohol-co-vinyl ac-
etate) stabilizers on the catalytic activity in terms of conversion, selectivity, and availability
of active sites on the metal surface of supported gold nanocatalysts is also discussed. In
addition, a temperature-dependent study was conducted in order to investigate the stability
of nanostructured materials and the effect of support using commercial titania and its effect
on the catalytic performance in the chosen redox reactions.

2. Results
2.1. Characterization of Catalysts

A series of Au/AC catalysts were prepared and extensively characterized in a previous
study via sol immobilization using PVA as a stabilizing agent and focusing on studying
the effect of hydrolysis degree in terms of formation of Au nanoparticles and catalytic
performance for the catalytic reduction of nitrophenol [41]. The PVA used had different
hydrolysis degrees, varying from 20% to 99%. By the characterization techniques employed
and evaluation of catalytic performance, a correlation between the hydrolysis of the poly-
meric coating and the average Au nanoparticle size was observed. In particular, from the
TEM analysis, it was evident that the presence even of a minor quantity of hydroxyl groups
in PVA could lead to an increase in the average Au particle size. The same trend was identi-
fied following the redshift of localized plasmon peaks of the Au colloidal nanoparticles.
Additionally, a peculiar volcano plot was obtained through the fitting of the hydrolysis
degree with the percentage of surface Au coverage in which the maximum of the curve
corresponded to the sample prepared using a PVA with a hydrolysis degree of 60%. The
prepared catalysts, along with their main characteristics, are listed in Table 1.

Table 1. TEM and XPS analysis of the synthesized fresh catalysts along with their main characteristics.
PVA: origin of the polymer used as stabilizing agent, either commercial or synthesized ad hoc; PVA
HD: hydrolysis degree of the polymer used; TEM Ø: mean Au particle size, measured via TEM;
Surface Au: gold percentage of surface atoms, measured via XPS.

Sample PVA PVA HD (%) TEM Ø (nm) Surface Au
(at%)

Au/AC_PVA-20 Synthesized 20 9.6 0.86
Au/AC_PVA-40 Synthesized 40 4.3 1.33
Au/AC_PVA-50 Synthesized 50 4.2 1.72
Au/AC_PVA-60 Synthesized 60 3.9 3.34
Au/AC_PVA-88 Commercial 88 3.4 2.04
Au/AC_PVA-99 Commercial 99 3.2 1.47

2.2. Catalytic Tests on HMF Oxidation

Each of the synthesized catalysts was tested in the selective oxidation of 5-hydroxyme
thylfurfural (HMF). Before testing the catalysts, blank tests were conducted, and both in ab-
sence of a catalyst and in presence of only activated carbon, the only reaction that occurred
was the degradation of HMF in agreement with our previous research [37]. In comparison,
the presence of a catalyst promoted the oxidation of HMF to 5-hydroxymethylfurancarboxylic
acid (HMFCA), the first intermediate depicted in Scheme 1, a parallel product of 2,5-
diformylfuran (DFF), which was not observed due to the basic conditions in which the
reaction is conducted. The subsequent oxidation of HMFCA led to 5-formylfurancarboxylic
acid (FFCA) and finally to 2,5-furandicarboxylic acid (FDCA), the final product of the
reaction. FFCA was only detected in very small quantities since its formation from HMFCA
is the rate-determining step of the process, and further oxidation of FFCA to FDCA is
fast [37,42].

The results in Figure 1 and Table S1 show that HMF conversion was complete for
each PVA hydrolysis degree, and FFCA selectivity was always negligible. This confirmed
that HMFCA oxidation was the slowest step of the process. For these reasons, FDCA
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selectivity can be considered representative of the catalytic activity when comparing the
different catalysts.

Catalysts 2022, 12, x FOR PEER REVIEW 4 of 20 
 

 

 

Scheme 1. Reaction pathway for the selective oxidation of HMF. 

The results in Figure 1 and Table S1 show that HMF conversion was complete for each 

PVA hydrolysis degree, and FFCA selectivity was always negligible. This confirmed that 

HMFCA oxidation was the slowest step of the process. For these reasons, FDCA selectivity 

can be considered representative of the catalytic activity when comparing the different cata-

lysts. 

 

Figure 1. Effect of hydrolysis degree on the catalytic performances for HMF oxidation. Reaction 

conditions: T = 70 °C, t = 4 h, P = 10 bar O2, molar ratios HMF:Au:NaOH = 1:0.01:4. 

The FDCA selectivity increased with the hydrolysis degree up to 50%, after which it 

decreased again. Comparing this selectivity trend with mean Au particle size, as meas-

ured by TEM analysis (Figure 2), it is possible to detect a degree of correlation for lower 

hydrolysis degrees (up to 50%); smaller nanoparticles were more active. At higher hydrol-

ysis degrees, this correlation was not evident, suggesting the prevalence of a different ef-

fect. The main contribution of the additional effect could be related to the solubility of the 

polymer, which could influence the catalytic activity as a function of reaction time. 

Scheme 1. Reaction pathway for the selective oxidation of HMF.

Catalysts 2022, 12, x FOR PEER REVIEW 4 of 20 
 

 

 

Scheme 1. Reaction pathway for the selective oxidation of HMF. 

The results in Figure 1 and Table S1 show that HMF conversion was complete for each 

PVA hydrolysis degree, and FFCA selectivity was always negligible. This confirmed that 

HMFCA oxidation was the slowest step of the process. For these reasons, FDCA selectivity 

can be considered representative of the catalytic activity when comparing the different cata-

lysts. 

 

Figure 1. Effect of hydrolysis degree on the catalytic performances for HMF oxidation. Reaction 

conditions: T = 70 °C, t = 4 h, P = 10 bar O2, molar ratios HMF:Au:NaOH = 1:0.01:4. 

The FDCA selectivity increased with the hydrolysis degree up to 50%, after which it 

decreased again. Comparing this selectivity trend with mean Au particle size, as meas-

ured by TEM analysis (Figure 2), it is possible to detect a degree of correlation for lower 

hydrolysis degrees (up to 50%); smaller nanoparticles were more active. At higher hydrol-

ysis degrees, this correlation was not evident, suggesting the prevalence of a different ef-

fect. The main contribution of the additional effect could be related to the solubility of the 

polymer, which could influence the catalytic activity as a function of reaction time. 

Figure 1. Effect of hydrolysis degree on the catalytic performances for HMF oxidation. Reaction
conditions: T = 70 ◦C, t = 4 h, P = 10 bar O2, molar ratios HMF:Au:NaOH = 1:0.01:4.

The FDCA selectivity increased with the hydrolysis degree up to 50%, after which it
decreased again. Comparing this selectivity trend with mean Au particle size, as measured
by TEM analysis (Figure 2), it is possible to detect a degree of correlation for lower hydrol-
ysis degrees (up to 50%); smaller nanoparticles were more active. At higher hydrolysis
degrees, this correlation was not evident, suggesting the prevalence of a different effect. The
main contribution of the additional effect could be related to the solubility of the polymer,
which could influence the catalytic activity as a function of reaction time.

Since PVA-88 and PVA-99 are commercial polymers, while the PVA samples with
HD = 20–60% were synthesized, it is possible to observe that a lower hydrolysis degree in
the stabilizing polymer (i.e., in the 50–60% range) led to catalysts with higher selectivity to
FDCA (80% and 75% for HD = 50% and HD = 60%, respectively) than those prepared with
commercial polymers (68% and 69% for HD = 88% and HD = 99%, respectively). In order to
assess the stability of the catalysts, both the best-performing catalyst (Au/AC_PVA-50) and
a reference one prepared with a commercial polymer (Au/AC_PVA-88) were employed
in a reusability test. The catalysts were employed in three subsequent reaction cycles. In
order to better assess any possible change in the catalyst’s behavior, the reaction time was
decreased to 2 h for these reactions so that the FDCA selectivity achieved by Au/AC_PVA-
50 on the first use was closer to 50%. The results reported in Figure 3 show a decrease in
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selectivity to FDCA with each cycle, consistent with the results reported in the literature,
but no significant difference was observed in the behavior of the two catalysts [42].
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Figure 3. Reusability tests on HMF oxidation using two catalysts prepared with either a synthesized
or a commercial polymer. Reaction conditions: T = 70 ◦C, t = 2 h, P = 10 bar O2, molar ratios
HMF:Au:NaOH = 1:0.01:4.
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2.3. Catalytic Tests on 4-Nitrophenol Reduction

The catalysts used for the HMF oxidation were tested previously in the 4-nitrophenol
(4-NP) reduction to 4-aminophenol (4-AP), with an excess of sodium borohydride (Scheme 2).
Indeed, in the presence of sodium borohydride, 4-NP was promptly deprotonated, to
quantitatively yield the 4-nitrophenolate anion, which had a very characteristic absorption
spectrum, with a maximum of 400 nm. The 4-NP anion could then be reduced to 4-AP in
the presence of an appropriate catalyst. This reduction could easily be studied by means
of UV–Vis spectroscopy by continuously measuring the absorbance of the solution at
400 nm [43–45].
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Scheme 2. Reaction scheme for the 4-Nitrophenol (4-NP) reduction to 4-Aminophenol (4-AP).

Conducting the reaction in presence of a large excess of reducing agent, it is possible
to consider its concentration as constant so that the kinetic equation describing the process
can be expressed as pseudo-first-order [13,46,47]. It is then possible to fit the kinetic curves
to calculate the kinetic constants. This was carried out for each of the prepared catalysts,
and the results are reported in Figure 4 and Table S2.
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Figure 4. Effect of the PVA hydrolysis degree on the mean particle diameter (TEM Ø, in black) and
the 4-NP reduction pseudo-first-order kinetic constant (k 4-NP, in blue).

Based on a comparison of the pseudo-first-order kinetic constants, it is clear that the
main factor influencing the activity of the catalysts regarding the reduction of 4-NP was
not simply the particle size. A significant decrease in mean Au particle size when the
hydrolysis degree varied from 20% to 40% was followed by an increase in apparent kinetic
constant. Moreover, a further increase in the apparent kinetic constant was observed from
40% to 50%, despite the mean Au particle size not decreasing significantly. Comparing the
catalytic performances of the series of catalysts in the two different reactions (Figure 5),
a similar trend was observed: Intermediate hydrolysis degrees yielded better catalytic
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performance for both reactions. Despite the similarity in the two trends, there were two
main differences. Firstly, a clear shift could be seen—namely, the optimal PVA hydrolysis
degree for HMF oxidation was around 50%, while PVA with a 60% hydrolysis degree led
to the highest catalytic performance in 4-NP reduction. The second difference was that the
catalysts with the highest and lowest hydrolysis degrees of PVA showed almost no activity
in 4-NP reduction, while the performances in HMF oxidation were remarkable even in the
worst cases.
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order kinetic constant (k 4-NP, in blue) with changing hydrolysis degree.

In order to explain these differences, the effect of the stabilizing agent on the surface
of the nanoparticles should be considered. In order to quantify the prevalence of this
effect, XPS analysis was conducted for the series of Au catalysts. In Figure 6, the surface
abundance of Au resulting from XPS measurements is plotted. Alongside surface Au, the
catalytic performances in the two reactions are plotted as well.

From Figure 6, it is evident that there was a correlation between surface Au and
4-NP reduction kinetic constant. This suggests that, for the catalytic reduction of 4-NP, the
limiting factor might not be the intrinsic activity of the gold nanoparticles, but instead, it
could be the diffusion rate through the polymeric shell around the active phase. This effect
was not present in HMF oxidation, and the catalytic performance of the Au catalysts was
much more closely correlated to the values of mean gold particle size and, to a lesser extent,
to the Au surface coverage.

The difference between these two catalytic behaviors seems to be due to the two
opposing effects of PVA as a capping agent: The first is its obvious and desired function
in preventing particle growth during the synthesis of Au NPs, while the second is its
detrimental effect as a barrier hindering reagents diffusion to the gold nanoparticles. This
effect seemed to be much more prevalent in the case of 4-NP reduction rather than in the
HMF oxidation. This was hypothesized to be due to the different reaction temperatures
that the two reactions were conducted; the 4-NP catalytic reduction was carried out at room
temperature, whereas in the case of HMF oxidation, a higher reaction temperature (70 ◦C)
was required. At higher reaction temperature, PVA could be solubilized to a higher degree,
and therefore, its detachment from the surface of the Au NPs was promoted. During
the reaction at the higher reaction temperature, the surface Au coverage was varied, and
therefore, the higher accessibility of Au active sites could be the reason for observing
catalytic activity for HMF oxidation at low and high hydrolysis degrees. Moreover, for both
reactions, a similar trend was observed in terms of mean Au particle size and Au surface
coverage. A decrease in mean Au particle size and increase in surface Au coverage was
accompanied by an increase in catalytic activity.



Catalysts 2022, 12, 323 8 of 19Catalysts 2022, 12, x FOR PEER REVIEW 9 of 20 
 

 

 

Figure 6. Comparison of the effects of hydrolysis degree on surface exposition of gold from XPS (in 

black), selectivity toward FDCA (in green), and 4-NP reduction pseudo-first-order kinetic constant 

(in blue). 

The difference between these two catalytic behaviors seems to be due to the two op-

posing effects of PVA as a capping agent: The first is its obvious and desired function in 

preventing particle growth during the synthesis of Au NPs, while the second is its detri-

mental effect as a barrier hindering reagents diffusion to the gold nanoparticles. This effect 

seemed to be much more prevalent in the case of 4-NP reduction rather than in the HMF 

oxidation. This was hypothesized to be due to the different reaction temperatures that the 

two reactions were conducted; the 4-NP catalytic reduction was carried out at room tem-

perature, whereas in the case of HMF oxidation, a higher reaction temperature (70 °C) was 

required. At higher reaction temperature, PVA could be solubilized to a higher degree, 

and therefore, its detachment from the surface of the Au NPs was promoted. During the 

reaction at the higher reaction temperature, the surface Au coverage was varied, and there-

fore, the higher accessibility of Au active sites could be the reason for observing catalytic ac-

tivity for HMF oxidation at low and high hydrolysis degrees. Moreover, for both reactions, a 

similar trend was observed in terms of mean Au particle size and Au surface coverage. A 

decrease in mean Au particle size and increase in surface Au coverage was accompanied by 

an increase in catalytic activity. 

To investigate the stability of the prepared materials in nitrophenol reduction at room 

temperature, a series of reusability tests were carried out on the best catalyst of the series 

(Au/AC_PVA-60), compared with material prepared using the commercial polymer 

(Au/AC_PVA-88). The catalytic performances were evaluated by comparing the conver-

sion reached after a specific time (300 s) of the four recycling tests (Figure 7). The activity 

slightly decreased during the cycles, but in general, no differences were observed in terms 

of apparent kinetic constant. 

Figure 6. Comparison of the effects of hydrolysis degree on surface exposition of gold from XPS (in
black), selectivity toward FDCA (in green), and 4-NP reduction pseudo-first-order kinetic constant
(in blue).

To investigate the stability of the prepared materials in nitrophenol reduction at
room temperature, a series of reusability tests were carried out on the best catalyst of the
series (Au/AC_PVA-60), compared with material prepared using the commercial polymer
(Au/AC_PVA-88). The catalytic performances were evaluated by comparing the conversion
reached after a specific time (300 s) of the four recycling tests (Figure 7). The activity slightly
decreased during the cycles, but in general, no differences were observed in terms of
apparent kinetic constant.
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2.4. Characterization of Au Colloidal Nanoparticles for Evaluating the Difference in Catalytic
Activity of the Two Reactions Presented

In order to understand whether the different catalytic behavior displayed by the
studied catalysts depends on an intrinsically different activity of the gold nanoparticles
or on a secondary effect induced by the different reaction temperature (25 ◦C for 4-NP
reduction and 70 ◦C for HMF oxidation), further characterization was carried out on
the Au colloidal solution without the presence of support, before the deposition on the
support, to exclude possible metal–support interaction effects during the immobilization
step. For this study, the polymer that induced the greatest difference between the two
catalytic performances was used (HD = 99%). The as-prepared Au NPs suspension was
characterized by means of both DLS and ELS, before the addition of the support. In either
case, the analysis was conducted gradually increasing the temperature from 25 ◦C to 70 ◦C
and then was lowered again to 25 ◦C.

From the results presented in Figure 8, it is possible to observe that above 50 ◦C,
there was a sharp decrease in DLS diameter, as well as a drop in the absolute value of
the ζ-potential. It is also possible to observe that there was a very noticeable difference
between the heating and the cooling ramps—namely, the DLS diameter was lower, and the
absolute value of the ζ-potential was almost double. This suggests that a change occurred
on the surface of the Au colloidal nanoparticles during the heating process. In particular, a
detachment of the PVA from the surface of the nanoparticle would explain the lower DLS
diameter, and the removal of a steric stabilizing agent could give way to a higher degree of
electrostatic stabilization from the ions present in the solution, which would explain the
higher absolute value of the ζ-potential.
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2.5. Effect of Polymer Removal

Based on the promising DLS results for the Au colloidal nanoparticles, and to better
evaluate the observed trend, the Au/AC sample that displayed the greatest difference
in performance between the two reactions (HD = 99%) was washed on a Büchner filter
with distilled water at 60 ◦C to remove the capping agent from the surface of the nanopar-
ticles [48]. The washed catalyst did not display a significant improvement in terms of
catalytic performance regarding HMF oxidation (Figure 9), supporting the hypothesis that
most of the polymer is removed during the reaction. The slight improvement in FDCA
selectivity might be explained by the fact that removing PVA before the reaction allowed
the catalyst to be fully active from the very first moments of the reaction. The washing
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process seemed to be of little impact on the catalytic performances regarding HMF oxida-
tion. However, the catalytic performance in 4-NP reduction significantly improved. The
apparent kinetic constant increased from 0.0018 min−1 to 0.2897 min−1, a much higher
value than the best performance obtained with any of the unwashed catalysts.
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Considering these results, the catalysts were tested once again in the reduction of
4-NP but at the same temperature used for HMF oxidation (70 ◦C). The results reported
in Figure 10 show the expected increase in kinetic constant caused by the higher reaction
temperature used. This increase was, however, uneven across the different hydrolysis
degrees. The samples that displayed the worst catalytic performances at 25 ◦C were the
ones that improved their catalytic performances the most at a higher reaction temperature.
Interestingly, the variation in apparent kinetic constant at 70 ◦C with the hydrolysis degree
was very closely correlated with the mean Au particle size from TEM analysis. This
correlation reinforced the idea that the catalytic activity at low reaction temperatures is
severely hindered by the polymeric shell around the nanoparticles, and that hot water
is able to solubilize PVA, detaching it from the nanoparticles and thus improving the
overall catalytic performance, which is in agreement with previous results indicating that
in reactions that occur at lower reaction temperatures below 30 ◦C, the impact is more
significant [48]. The presence of stabilizer on the surface of the catalysts still has an unclear
role, it can improve catalytic performance, or it can be detrimental depending on the
nature of the reaction and experimental conditions used [49]. In this case, the presence
of PVA had a negative effect on the overall activity for reactions carried out at a low
reaction temperature; the steric nature of the stabilizing agent probably partially blocked
the active sites of the catalyst. This hypothesis has been confirmed in research conducted
by Yang et al., which demonstrates that the polymer presence on gold nanoparticles can
sterically inhibit the reactivity of Au/TiO2 catalysts in CO oxidation [50].
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the apparent kinetic constants at 25 ◦C; red indicates the apparent kinetic constants at 70 ◦C; black
indicates the mean Au particle sizes measured with TEM analysis of the fresh catalysts.

2.6. Titania-Supported Catalysts

To confirm the general application of our hypothesis and exclude the effect of the
activated carbon, colloidal Au nanoparticles supported on titania were prepared using
the same polymeric stabilizers (PVA-99) employed in the previous tests and subsequently
washed with hot water (e.g., 90 ◦C) to remove the organic coating. The materials washed
and unwashed were tested in the reactions chosen, and the catalytic activity was compared.
Based on the results obtained, the trend observed for the activated carbon-supported
catalysts was confirmed (Figure 11). An improvement in the catalytic activity in terms of
kinetic constant and conversion could be detected by employing treated Au/TiO2 in the
4-nitrophenol reduction, during which the kinetic constant changed from 0.025 to 0.1 min−1.
Analogous results were observed when comparing the FDCA selectivity in the washed and
unwashed samples (Table 2). In general, it could be hypothesized that varying the reaction
conditions changes the behavior and fate of PVA on the surface of the nanoparticles, thus
inducing a significant change in the reaction outcome.

To further investigate how the reaction conditions can change the catalytic behavior of
the synthesized nanomaterials, several tests were carried out using activated-carbon- and
titania-supported catalysts washed and unwashed at different temperatures (25 and 70 ◦C)
(Figure 12). In the case of reaction at 25 ◦C, different catalytic performances were observed
in the kinetic curves between the treated and untreated systems, in agreement with the
data previously described. In comparison, both samples employed at 70 ◦C exhibited
similar catalytic activities, confirming the temperature-dependent activity of the prepared
catalysts, due to the detachment of polymeric stabilizers during the reaction, which can
lead to a restructuring of the surface of the catalyst and therefore can affect the availability
of active sites.
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Figure 11. Kinetic performances in 4-NP reduction with the washed and unwashed catalysts prepared
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Table 2. Kinetic data for gold nanocatalysts washed and unwashed supported on activated carbon
and titania.

4-NP (25 ◦C) HMF (70 ◦C)

Sample kapp (min−1) X4-NP (%) X HMF (%) S HMFCA (%) S FFCA (%) S FDCA
(%)

Au/AC_PVA-99 1.8 × 10−3 ± 4 × 10−4 16 ± 0.2 100 31 0 69
Au/AC_PVA-99-W 0.3 ± 3 × 10−2 99 ± 1 100 26 0 74
Au/TiO2_PVA-99 2.5 × 10−2 ± 1 × 10−3 48 ± 1 100 59 1 40

Au/TiO2_PVA-99-W 0.1 ± 3 × 10−3 99 ± 1 100 54 1 45
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Figure 12. Kinetic performances in 4-NP reduction of the washed and unwashed catalysts supported
on either active carbon ((a,b) above) or titania (c,d) at room temperature and at 70 ◦C.

2.7. Characterization of the Washed Catalysts

The prepared catalysts were characterized by spectroscopic (ATR-IR and XPS) and
microscopy analysis (TEM) in order to rationalize the behavior observed during the catalytic
tests. Specifically, the techniques were chosen to investigate the effect of the treatment with
hot water on the surface of catalysts and mean Au particle size. The IR spectra of gold
nanoparticles supported on titania after the washing is reported in Figure 5 and compared
with the same sample untreated and titania. The O–H stretching and bending at 3300 and
1650 cm−1, respectively, were ascribed to the water adsorbed on the surface of the catalyst.
Despite the presence of the intense band derived from water, in the nanostructured catalysts
(Au/TiO2), the presence of C–H stretching at 3000 cm−1 and the signal of C–H bending at
1300 cm−1 of the aliphatic polymeric chains were observed (Figure 13). The disappearance
of this band in the washed sample confirmed the removal of the polymer from the surface
of the catalysts with the methodology proposed. In addition, the trend highlighted was
further investigated by XPS analysis through the comparison of the active phase expose
before and after the washing phase (Table 3, Figure S1). As expected, the typical XPS
spectrum related to the gold metallic state could be observed in the two peaks at 84 eV and
87.5 eV attributed to the Au 4f7/2 and Au 4f5/2 spin-orbital coupling, respectively. However,
in the case of catalysts supported on titania a shift of Au 4f binding, energy was observed
due to the dominant presence of Auδ− (83.2 eV) on the support that can interact with the
superficial Ti3+ defective sites [51–53]. Instead, the Ti exhibited two binding energies peaks
at 458 eV and 464 eV related to Ti 2p3/2 and Ti 2p1/2 electrons, respectively [54,55]. By the
comparison between the samples washed and unwashed, increased exposure of gold was
observed from 0.03 to 0.06. In the case of active carbon-supported materials, Au/AC ratio
changed slightly from 0.02 to 0.03.

However, regarding the percentage of C on the surface, a decrement of 3% was
obtained, which provided evidence of PVA detachment during the washing phase. More
significant results were obtained for the Au/TiO2 catalysts, where the Au/Ti ratio increased
from 0.03 to 0.06, confirming the IR results. Moreover, the unchanged C percentages could
be derived from the adsorbed carbon dioxide on the catalyst surface, in line with the
results from Mohite et al. [54]. The acquisition of TEM images allowed the evaluation
of the effect of the treatment on the size of Au nanoparticles. By the employment of hot
water to remove the polymeric stabilizer, the dimension of gold nanoparticles did not
change in the activated carbon-supported catalysts, and therefore, the presence of large
sintering phenomena was excluded (Figures S2 and S3). In comparison, a slight but not
significant increase in nanoparticles size was observed in the Au/TiO2 materials after
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washing. The images acquired confirmed that the AuNPs dimension remained constant
when the samples were treated to remove the organic coating.
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Figure 13. IR spectra of TiO2, Au/TiO2, and Au/TiO2 catalysts after the treatment with hot water.

Table 3. XPS data for the catalysts treated and untreated supported on activated carbon and titania.

Sample BE Au 4f 7/2 (eV) Surface Au (%) Surface C (%) Surface Ti (%) Au/Ti

Au/AC_PVA-99 84.1 1.47 91.2 - 0.02
Au/AC_PVA-99-w 84.1 2.34 88.2 - 0.03
Au/TiO2_PVA-99 83.2 0.68 22.0 22.7 0.03

Au/TiO2_PVA-99-w 83.2 1.26 22.0 22.0 0.06

3. Materials and Methods
3.1. Materials

Tetrachlorauric acid (HAuCl4·3H2O), sodium borohydride (NaBH4, 99%), activated
carbon NORIT SX1G, Titania P-25, sulfuric acid (H2SO4, 96%), 4-nitrophenol (>99%), and
polyvinyl alcohol (Mw: 13,000–23,000) with different hydrolysis degrees (98–99% and
88%), as well as the HMF oxidation standards used for the analysis (HMFCA, FFCA, and
FDCA), were purchased from Sigma Aldrich (Milan, Italy), and 5-hydroxymethylfurfural
was purchased from AVA Biochem (Zug, Switzerland). The polymeric stabilizers were
synthesized by free-radical polymerization of the vinyl–acetate and subsequent, controlled
saponification was followed to obtain the polyvinyl alcohol with different hydrolysis
degrees following the methodologies described in a previous study [41]. The solvents were
used without further processes of purification.

3.2. Catalysts Preparation

A typical experimental protocol for the synthesized Au–PVA catalysts is the following:
A colloidal gold solution was prepared by dissolving 0.76 g (1.9 mmol) of HAuCl4·3H2O in
200 mL of distilled H2O. Subsequently, 5.5 mL were withdrawn from the initial solution
and diluted in 385 mL of distilled H2O, to which a volume of 1% w/w polymer aqueous
solution was added to obtain the desired Au:PVA weight ratio. After 3 min, a freshly
prepared aqueous solution of NaBH4 (Au:NaBH4 = 1:5 mol/mol) was added, and a red
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Au0 sol was immediately formed. The colloidal solution was stirred for 30 min and, finally,
the Au colloidal nanoparticles were immobilized by adding the support (activated carbon,
AC) under vigorous stirring. The solution was acidified at pH 2 by using sulfuric acid
and was stirred for 1 h at room temperature. In the case of nanoparticles supported on
titania, the pH of the solution was not changed, in agreement with its isoelectric point,
and the mixture was stirred for 4 h to have a complete immobilization. The extent of
support was calculated in order to have a nominal metal loading of 1 wt.%. Finally, the
catalyst was filtered using a Buchner funnel and washed several times with distilled water
to remove ionic species and mother liquors, until a neutral pH was reached. After drying
overnight at room temperature, the solids were dried at 80 ◦C in an oven for 4 h in static
air conditions. The colloidal solution was characterized by means of UV–Vis spectroscopy,
dynamic light scattering (DLS), and electrophoretic light scattering (ELS). The supported
catalysts were characterized using X-ray photoelectron spectroscopy (XPS), transmission
electron microscopy (TEM), and X-ray diffraction (XRD), and for titania supported catalysts,
also by infrared spectroscopy (IR) [41].

3.3. Characterization

Colloidal solutions were characterized by dynamic light scattering (DLS) and elec-
trophoretic light scattering (ELS) measures, registered by using a Malvern Panalytical
(Malvern, United Kingdom) Zetasizer Nano ZS instrument. The particle size distribution
was carried out using a standard polystyrene cell at 25 ◦C, while for the zeta potential
analysis and for the investigation of the stability of the colloid by changing the temper-
ature, a capillary polycarbonate cell equipped with electrodes was employed. Infrared
spectra (FT-IR) were acquired through an ATR-IR Bruker (Billerica, MA, USA) Alpha I
spectrometer in order to characterize the supported Au/TiO2 nanoparticles, using 64 scans
to enhance the signal-to-noise ratio of the spectra. Transmission electron microscopy (TEM)
images were obtained using a Thermo Fisher (Waltham, MA, USA) FEI Talos F200x high-
resolution transmission microscope (Thermo Fisher Scientific, Waltham, MA, USA) to
elucidate the morphology and dispersion of the active phase. Samples were suspended in
ethanol and treated by ultrasound for 15 min. A drop of the suspension was deposited on
“quantifoil-carbon film” supported on a Cu grid and dried before analysis. TEM images
were processed by using ImageJ. 300–400 NPs were measured for each sample, using
different areas of the sample analyzed. X-ray photoelectron spectroscopy (XPS) spectra
were recorded on a PHI (Chanhassen, MN, USA) Versa Probe II physical electronic spec-
trometer using monochromatic Al K radiation (52.8 W, 15 kV, 1486.6 eV) and a dual-beam
charge neutralizer for analyzing the core-level signals of the elements of interest with a
hemispherical multichannel detector. The XPS spectra of the samples were recorded with a
constant pass energy value at 29.35 eV and a beam diameter of 100 µm. The energy scale
was calibrated using Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 photoelectron lines at 932.7, 368.2,
and 83.95 eV, respectively. The X-ray photoelectron spectra obtained were analyzed using
PHI SmartSoft (VersaProbe 4, Chanhassen, MN, USA) software and processed using the
MultiPak 9.6.0.15 package. The binding energy values were referenced to C 1 s signal at
284.5 eV. Shirley-type background and Gauss–Lorentz curves were used to determine the
binding energies. Atomic concentration percentages of the characteristic elements were
determined considering the corresponding area sensitivity factor for the different measured
spectral regions. Powder X-ray diffraction (XRD) patterns and calculation of the mean Au
crystallite size were reported in the previous paper by employing a Malvern Panalytical
(Malvern, United Kingdom= X’PertPRO X-ray diffractometer using a Cu radiation source
(1.54 Å) [41].

3.4. Catalytic Tests
3.4.1. 5-Hydroxymethylfurfural Oxidation Test

HMF oxidation tests were conducted out in a 100 mL PARR autoclave. Standard
reactions were carried out in the following conditions: HMF:Au:NaOH molar ratios of
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1:0.01:4 at 70 ◦C, 4 h of reaction time from the moment the reaction temperature was
reached, with 10 bar of O2, 600 rpm stirring. After each reaction, the catalyst was removed
via centrifugation, and the clear solution was diluted 1:5 before being injected in HPLC
were carried out in an Agilent 1260 Infinity instrument equipped with a BioRAD Aminex
HPX-87H column and a DAD detector. For each species present in the reaction pathway
(HMF, HMFCA, FFCA, and FDCA), an external calibration curve was used to calculate
their respective concentration.

3.4.2. 4-Nitrophenol Calibration Test

To set up the UV–Vis experiments the extinction coefficient was calculated by prepar-
ing five solutions of different 4-NP concentrations (1.5 × 10−4 M, 1.0 × 10−4 M, 5.0 × 10−4 M,
2.5 × 10−5 M, 1.0 × 10−4 M) and 4.5 × 10−4 M in NaBH4 using an in situ Agilent Cary 3500
UV–Vis Spectrometer equipped with 1 cm path cuvette. In agreement with the literature,
the average extinction coefficient derived from the calibration curves repeated three times
is 18,900 M−1 cm−1 [56,57].

3.4.3. Catalytic Reduction of 4-Nitrophenol

The catalytic 4-nitrophenol reduction with NaBH4 was employed as a model reaction
to investigate the effect of the polymeric stabilizers and the influence of the reaction tem-
perature on the catalytic performances. The reaction was carried out in an aqueous phase
under mild conditions of pressure and temperature (25 ◦C). The standard reaction was
accomplished by preparing 4-NP aqueous solutions (2.0 × 10−4 M) in a 25 mL volumetric
flask. Then, a fresh solution of NaBH4 (9.0 × 10−4 M) in 25 mL was prepared with a molar
ration of 4-NP:NaBH4 of 1:45 mol/mol in order to uphold a pseudo-first-order kinetic
model. Moreover, reference NaBH4 solution in a 25 mL (4.5 × 10−4 M) for the UV–Vis
measurements was prepared. The following experimental protocol was used: The catalyst
(4 mg) was first added inside a beaker, and then the 4-NP solution was added. Immediately
after, 25 mL of NaBH4 solution (9.0 × 10−4 M) was added and this time was considered
the starting of the reaction. After mixing, an aliquot was withdrawn from the beaker and
poured in a quartz cuvette, and then subsequently inserted in the UV–Vis spectrometer’s
stage. After the NaBH4 addition, 2.5 min were passed as induction time before starting the
measurement. The optical absorbance of the reaction was set to be automatically evaluated
every 2.5 min for 25 cycles to measure the decrease in 4-nitrophenol concentration as a
function of reaction time. The tests carried out at different temperature was accomplished
using the same experimental setup described, but different temperatures were set by the
instrument software.

4. Conclusions

The effects of PVA with different hydrolysis degrees on the catalytic performance
of supported gold nanoparticles, as well as the temperature-dependence activity, were
investigated. To this end, 4-NP reduction and HMF oxidation were employed to evaluate
the influence of polymeric stabilizers and reaction temperature. In particular, correlating
the hydrolysis with the 4-NP’s apparent kinetic constant and FDCA selectivity related to
HMF reaction, volcano shape plots were obtained for both reactions in which the maximum
of the curves was represented for the samples prepared using PVA with intermediate
values of hydrolysis. The obtained results were in agreement with the percentage of gold
exposure and the size of the Au nanoparticles. However, different behavior between the
two reactions in terms of catalytic activity was observed for a sample called Au/AC_PVA-
99. For this reason, the HMF reaction conditions were simulated in the 4-NP reaction to
investigate the role of the polymeric stabilizers by increasing reaction temperature. The
obtained curve highlighted how the temperature led to an increase in the kinetic activity
for all samples; therefore, a correlation with the TEM diameters allowed us to establish
a direct size–activity correlation. This observation was also supported by DLS and ELS
analysis carried out at different temperatures to monitor the changing of hydrodynamic
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volume and superficial charge of the samples. To further investigate the phenomena,
the catalyst was treated with hot water (60 ◦C) in order to remove the organic coating
and was tested in the two redox reactions chosen. For the 4-NP, a significant difference
was observed from the untreated samples, whereas for HMF, the same behavior was
obtained. In this way, the detachment of the polymeric stabilizer due to the upper reaction
temperature was confirmed. To exclude the effect of activated carbon, titania-supported
gold nanocatalysts were prepared, and in this case, the same trend as the one previously
described was observed. In the study reported in this paper, we emphasized the effect of the
polymeric stabilizers in gold nanocatalysts for the redox reactions and the modification of
the temperature reaction can change the PVA behavior on the catalyst surface and therefore
influence the catalytic outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12030323/s1, Figure S1: XPS spectra for Au/AC_PVA-99-
w (a), Au/TiO2_PVA-99 (b) and Au/TiO2_PVA-99-w (c), Figure S2: TEM images of treated and
untreated catalysts supported on active carbon and titania, Figure S3: Particles size distribution of
treated and untreated catalysts supported on active carbon and titania, Table S1: Catalytic results on
the HMF oxidation reaction, Table S2: Kinetic parameters (apparent rate constants and conversion) for
the 4-nitrophenol reduction related to catalysts prepared using PVA with different hydrolysis degrees.
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