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Abstract

Engineering metal-support interfaces through controlled surface functionalization offers a
versatile route to tailor supported metal catalysts. Here, citrate-functionalized hydroxyapatite
(HAp) serves as an inorganic—organic platform for the in-situ formation of Au nanoparticles,
evaluated in the solvent-free aerobic oxidation of benzyl alcohol. A series of Au/(HAp)s(Cit)x
catalysts (x = 0, 1, 2, 4) was prepared to correlate citrate loading with surface properties, Au
dispersion, and catalytic performance. Multi-technique characterization (XRD, ATR-FTIR, N>
physisorption, XPS, SEM-EDX, HR-TEM, ICP-OES) reveals that citrate functionalization
tunes HAp surface chemistry and texture while promoting a more homogeneous distribution of
Au nanoparticles. Increasing citrate content modifies the electronic environment of surface Au,
as evidenced by shifts in Au 4f binding energies and changes in the Au/Ca surface ratio.
Catalytic activity increases with citrate loading, with Au/(HAp)s(Cit)s achieving 99% benzyl
alcohol conversion under solvent-free conditions using O-. This performance is accompanied
by high process efficiency (95% mass productivity, E-factor 0.05, 99% carbon efficiency).
Prolonged reaction times favor over-oxidation to benzoic acid, highlighting the activity—
selectivity trade-off. The catalysts show good recyclability; long-term storage induces partial
oxidation and restructuring of surface Au, but NaBH4 treatment substantially restores activity.
These results establish citrate functionalization as an effective strategy to modulate Au—HAp

interfacial properties and define structure—activity relationships for aerobic alcohol oxidation.
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1. Introduction

The selective aerobic oxidation of alcohols into value-added oxygenated compounds represents
a fundamental challenge in sustainable catalysis, as it enables the replacement of stoichiometric
oxidants by molecular oxygen while reducing waste generation and improving atom
efficiency[1-3]. Benzyl alcohol oxidation represents an important transformation in sustainable
fine chemical synthesis, enabling the production of high-value oxygenated compounds such as
benzaldehyde and benzoic acid [4—6]. Benzaldehyde is a key intermediate in the preparation of
pharmaceuticals, heterocyclic compounds, fragrances, and chiral building blocks, owing to the
versatile reactivity of its aldehyde functionality [7-9]. Benzoic acid, in turn, serves as an
essential precursor for pharmaceutical ingredients, antifungal compounds, and industrial
preservatives [10, 11]. However, achieving controlled oxidation pathways remains challenging
because benzaldehyde, once formed, can undergo further oxidation to benzoic acid under
aerobic conditions. Therefore, precise regulation of oxygen activation and surface reaction
intermediates is required to selectively direct the reaction toward the desired product. Hence,
the development of selective catalytic systems enabling tailored oxidation toward benzaldehyde
or benzoic acid under mild and sustainable conditions is of great relevance to the
pharmaceutical and specialty chemical industries [12].

Among noble metal-based catalysts, supported gold nanoparticles have demonstrated
remarkable potential for aerobic oxidation reactions due to their ability to activate molecular
oxygen under relatively mild conditions while exhibiting high resistance toward overoxidation
compared with conventional transition-metal catalysts [13, 14]. Nevertheless, the catalytic
performance of Au-based systems is intrinsically dependent on nanoscale parameters, including
particle size, dispersion, oxidation state, electronic properties, and the nature of the metal—
support interface [14, 15] .

While conventional oxide supports have been extensively investigated, surface
functionalization strategies have recently emerged as powerful tools to regulate precursor
anchoring, nanoparticle nucleation and growth, and the electronic structure of supported metal
species through molecular-level engineering of metal-support interfaces[16—18]. Organic
surface modifiers containing oxygenated functionalities can provide selective coordination sites
for metal precursors, improve nanoparticle stabilization, and modify the local electronic
environment of active metal sites. However, achieving an optimal balance between nanoparticle
confinement, accessibility of active sites, and preservation of catalytic interfaces remains a

significant challenge.



Hydroxyapatite (HAp, Caio(PO4)s(OH)2), a calcium phosphate mineral structurally analogous
to biological apatite, has attracted interest as a catalytic support owing to its tunable acid—base
properties, ion-exchange capability, and the presence of surface Ca** and phosphate groups that
can participate in the anchoring of metal species and organic modifiers [19, 20]. In particular,
citrate molecules, owing to their multiple carboxylate groups, can strongly coordinate surface
calcium sites, offering a versatile route for modifying HAp surface properties and controlling
noble metal deposition [21-23]. Although citrate is extensively used as a stabilizing ligand
during colloidal nanoparticle synthesis, its role as a surface engineering agent for regulating
metal nucleation, interfacial electronic properties, and catalytic behavior on inorganic supports
remains poorly understood. Establishing clear correlations between citrate-induced surface
modification, Au nanoparticle characteristics, and catalytic performance is therefore essential
for the rational design of advanced supported gold catalysts.

In this work, citrate-functionalized hydroxyapatite was employed as a tailored platform
for controlling the formation and catalytic properties of gold nanoparticles in the solvent-free
aerobic oxidation of benzyl alcohol. A series of Au/(HAp)s(Cit)x catalysts with controlled
citrate contents was synthesized through an in-situ deposition approach. Comprehensive
structural, spectroscopic, and microscopic investigations combined with catalytic evaluation
were performed to elucidate the influence of citrate-mediated surface engineering on Au
nanoparticle dispersion, metal-support interactions, oxygen activation, and oxidation
selectivity. The obtained insights provide fundamental understanding of the role of organic—
inorganic interfaces in designing efficient and sustainable gold-based oxidation catalysts.

2. Materials and methods

2.1 Chemical reagents

Citric acid (CsHgO7, 99%) and tetrachloroauric (III) sodium dihydrate (NaAuCls.2H>O, 99%)
were obtained from Sigma Aldrich. Calcium nitrate (Ca(NO3)2.4H20, 99%) and diammonium
hydrogen orthophosphate ((NH4):HPOs, 99%) were supplied by Merck. Benzyl alcohol
(99.8%), benzaldehyde (CsHsCHO, 99%) and benzoic acid (99.5%) were obtained from Sigma-
Aldrich. All the chemicals were of analytical reagent (AR) grade and were used without further

purification.

2.2 Functionalization of hydroxyapatite surface
Citrate-functionalized hydroxyapatite nanopowders were prepared through a modified co-
precipitation route according to a previously reported procedure [24]: Briefly, a calculated

amount of citric acid was introduced into an aqueous calcium nitrate solution (5.0 x 102 mol



L) to obtain Cit/Ca molar ratios of x = 1, 2, and 4. The pH of the solution was maintained at
11 by the controlled addition of ammonium hydroxide solution (NH4OH, 28 wt%). After 30
min of vigorous stirring, an aqueous diammonium hydrogen phosphate solution was added
dropwise at a controlled rate of I mL min™' while maintaining the Ca/P molar ratio at 1.67. The
suspension was further aged under continuous stirring for 2 hours to complete the precipitation
process. The obtained precipitates were thoroughly washed with warm demineralized water
until neutral pH (~7), followed by ethanol rinsing, and dried overnight at 70 °C. The resulting
citrate-functionalized hydroxyapatite samples were denoted as (HAp)s(Cit)x (x =1, 2, and 4).

2.3 Preparation of HAp nanoparticles

The same protocol was used as described in paragraph 2.2 without using citric acid.

2.4 In situ synthesis of Au/(HAp)s(Cit)x catalysts (x=1; 2; 3 and 4)

Citrate-functionalized hydroxyapatite materials, Au/(HAp)s(Cit)x, were employed as supports
for the in-situ deposition of gold nanoparticles through a one-pot synthesis strategy The
presence of surface citrate species was expected to provide coordination sites for gold
precursors and promote the formation of supported Au nanoparticles. Typically, 250 mg of
Au/(HAp)s(Cit)x support (x = 1, 2 and 4) was dispersed in 2 mL of aqueous sodium tetra-chloro-
aurate (III) solution (NaAuCls, 2.5 mmol L), corresponding to a theoretical gold loading of
0.4 wt%. The suspension was stirred under reflux at 100 °C for 5 hours. During the process, the
initial yellow coloration of the gold precursor solution gradually turned purple, suggesting the
in-situ reduction of Au species and the formation of gold nanoparticles. After cooling to room
temperature, the solid phase was recovered by centrifugation, washed twice with deionized
water and subsequently with ethanol, then dried overnight at 70°C. The resulting catalysts were

denoted as Au/(HAp)s(Cit)x (x =1, 2 and 4).

2.5. Preparation of citrate-free Au/HAp catalyst as reference

A citrate-free Au/HAp catalyst was prepared as a reference material using a conventional
impregnation—reduction approach. Typically, 250 mg of pristine hydroxyapatite was dispersed
in an aqueous solution of sodium tetra-chloro-aurate (III) (NaAuCls, 2.5 mmol L) under
continuous stirring. The suspension was heated at 100 °C under atmospheric pressure until
complete evaporation of the solvent, allowing the deposition of gold precursor species onto the
HAp surface. The resulting solid was subsequently treated with an aqueous sodium borohydride
solution (NaBH4, 0.1 mol L) to reduce the adsorbed gold species into metallic gold

nanoparticles. The catalyst was recovered by centrifugation, washed twice with deionized water



and finally with ethanol, followed by drying at 70 °C overnight. The obtained material was
denoted as Au/HAp.

2.6 Characterization methods

The X-ray diffraction (XRD) patterns of all samples were determined using a PANalytical
X’Pert PRO powder diffractometer equipped with a fast X’Celerator detector with
monochromatic Cu Ka source (A = 0.15418 nm) using a source power of 40 kV and 40 mA.
The samples were characterized using a Bruker Optics Vertex 80 V FT-IR spectrometer in the
range of 4000-400 cm™'. Chemical analyses were performed by ICP-OES on a Horiba Jobin
Yvon modele activa. The specific surface areas (Sper) were calculated according to the
Brunauer-Emmet-Teller (BET) method using a Micromeritics TriStar instrument, based on the
N2 adsorption-desorption data obtained at 77K. The XPS measurements were carried out using
a MAC?2 type spectrometer whose source is a double aluminum and magnesium anode. The
primary beam used is aluminum, with energy hv = 1486.6 eV. The analyzer is geometry
cylindrical and its energy resolution is 1eV. The morphology of the catalysts prepared was
determined by transmission electron microscopy (TEM-HR) using a JEOL 2010 device
operating at 200kV equipped with EDX capacitors. The catalyst powders were dispersed onto
carbon-coated copper grids prior to TEM analysis. Carbon amount is measured using a Horiba

Jobin Yvon CHNS elemental analyzer, model EMIA 220.

2.6. Free solvent catalytic test

The catalytic oxidation of benzyl alcohol (BzOH) was carried out under solvent-free conditions
in a stirred batch autoclave. In a typical experiment, benzyl alcohol (10 mmol, ~1 mL) was
introduced into the reactor and purged with nitrogen to remove dissolved oxygen. Subsequently,
25 mg of Au-based catalyst was added, and the reactor was pressurized with molecular oxygen
(5 bars) after reaching the desired reaction temperature. The oxidation reaction was conducted
at 80 °C under continuous stirring (500 rpm) for 90 min. During the reaction, aliquots were
withdrawn every 15 min, diluted with isopropanol containing chlorobenzene (2 wt%) as an
external standard, and analyzed by gas chromatography (Varian CP-8450 GC) equipped with a
30 m Carbowax capillary column. The catalytic stability of the hybrid catalysts was evaluated
by comparing their performance after synthesis and after 12 months of storage under ambient
conditions. Catalyst recyclability was assessed through consecutive catalytic cycles. After each
run, the catalyst was recovered by solvent evaporation, dried under vacuum at 150°C for 10

min, and directly reused under identical reaction conditions.



The benzyl alcohol conversion, product selectivity, yield, and turnover frequency (TOF) were

calculated according to the following equations:

([BzOH]i—[BzOH]t)

Conversion (%) = TETT x 100 1)
.. __ [Product]i

Selectivity (%) = SProduct] x 100 2)

Yield (%) = Conversion X selectivity 3)

number of mol of BzOH converted

TOF =

(C))

number of mol of goldxtime

2.7. Green Chemistry and Sustainability

The E-factor (Eq.5) quantifies the amount of waste generated per unit mass of product and
serves as a key indicator in promoting waste minimization and resource efficiency [25, 26]. It
has played a central role in the development of cleaner, waste-free chemical processes. As a
practical metric of a reaction’s greenness, lower E-factor values (approaching zero) reflect

processes that are more sustainable and environmentally benign:

mass of waste

E — factor =
f mass of desired product

C))

Mass productivity (MP) (Eq.6) accounts for all materials involved in the reaction, including
reagents, solvents, catalysts, and any other components. It represents the percentage ratio of the
mass of the desired product to the total mass of all inputs. MP is defined as the reciprocal of the
mass intensity (MI), expressed as a percentage (Eq. 6). Moreover, mass intensity and the E-
factor are intrinsically related, as described by Eq.6-7 The carbon efficiently (CE) was
determined using Eq.8.

0 — mass of desired product — i
MP( A)) mass of all used reagent x 100 MI %100 ( 6)
E — factor = MI — 1 @)
CE = Number of carbon atoms (product) ( 8)

" Number of carbon atoms (reagents)

3. Results and discussion

3.1. Au/(HAp)s(Cit)x physico-chemical properties

The crystallin form of the Au/HAp and Au/(HAp)s(Cit)x is determined by the XRD analysis
(Fig. 1).



@11)

(300) 213
(002) (222) @13
(202) (310) (004)

102) (210) 311
(102) 311 (d)

Au® (111)
x

25 30 35 40 45 50 55
20 ()

Fig. 1: XRD diffractograms for different catalyst: (a) Au/HAp; (b) Au/(HAp)s(Cit)1; (c)
Au/(HAp)s(Cit)z; (d) Au/(HAp)s(Cit)s

The structural integrity of hydroxyapatite after citrate functionalization and gold deposition was
first investigated by X-ray diffraction (XRD). As shown in Fig. 1, all catalysts exhibit the
characteristic diffraction pattern of hexagonal hydroxyapatite (JCPDS No. 09-0432), with
reflections located at 20 = 25.95°, 31.77°, 32.86°, 39.90°, 46.69°, 49.58°, and 53.31°,
corresponding to the (002), (211), (300), (310), (222), (213), and (004) crystallographic planes,
respectively. The preservation of these diffraction features after citrate modification and Au
deposition confirms that the HAp framework remains stable during the functionalization and
metal incorporation processes. Interestingly, no diffraction peaks associated with crystalline
Au?® are detected for citrate-containing catalysts, suggesting the formation of highly dispersed
gold species or metallic nanoparticles with dimensions below the XRD detection limit. In
contrast, the citrate-free Au/HAp catalyst exhibits an additional reflection at 26 = 38.2°,
assigned to the (1 1 1) plane of face-centred cubic metallic gold (JCPDS No. 04-0784),
indicating the presence of larger Au crystallites. This distinct structural behaviour highlights
the crucial role of citrate molecules in regulating gold nucleation and growth on the HAp
surface /27]. The enhanced dispersion of Au species in citrate-functionalized catalysts can be
attributed to the formation of citrate-mediated interfacial coordination environments. The
carboxylate groups of citrate molecules can interact strongly with surface Ca®* sites of HAp,
generating anchoring sites that favor the homogeneous deposition of gold precursors and limit
their surface migration during nanoparticle formation. In the absence of citrate, the weaker

interaction between Au species and pristine HAp likely promotes nanoparticle migration and



coalescence, leading to the formation of larger crystalline Au domains. These observations
demonstrate that citrate modification provides an effective molecular-level strategy for
controlling the dispersion state of supported gold species through the engineering of the Au—
HAp interface.

The chemical nature of citrate incorporation and its influence on the HAp surface was
investigated by ATR-FTIR spectroscopy (Fig. 2). The spectrum of citric acid displays the
characteristic vibrational bands associated with carboxylic functionalities, including the C=0
stretching vibration at 1725 cm™ and the asymmetric and symmetric stretching modes of
carboxylate groups at 1585 and 1391 cm’, respectively [28, 29](Fig. S2). After citrate
functionalization of HAp, the disappearance of the carbonyl vibration at 1725 cm™ together
with the shift of the carboxylate bands toward lower wavenumbers (from 1585 to 1577 cm’!
and from 1391 to 1343 cm-1) indicates a strong interaction between citrate molecules and the
HAp surface. These spectral modifications suggest the deprotonation of citrate carboxylic
groups followed by coordination with exposed Ca®" surface sites, leading to the formation of
citrate—calcium interfacial complexes. Furthermore, the appearance of additional bands at 2989
and 2900 cm™!, assigned to C—H stretching vibrations of citrate organic moieties, confirms the
successful incorporation of citrate species onto the HAp surface. The broad absorption band
centered at approximately 3375 cm™! corresponds to O—H stretching vibrations arising from
hydroxyl groups and adsorbed water molecules, reflecting hydrogen-bonding interactions
within the modified surface environment.

Following Au deposition, the characteristic citrate-related vibration at 1343 cm™ and the O-H
stretching band become less pronounced, suggesting that the local vibrational environment of
surface citrate species is modified upon interaction with gold species. These changes may
originate from citrate-mediated stabilization of deposited Au nanoparticles, where citrate
molecules act as interfacial ligands between the inorganic support and metallic phase.
Importantly, the absence of new vibrational features indicates that citrate remains chemically

preserved during gold incorporation, maintaining the functionalized HAp surface architecture.
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Fig. 2: IR-ATR spectra of Citric acid, HAp, (HAp)s(Cit)s and Au/(HAp)s(Cit)4

The textural properties of Au/(HAp)s(Cit)x catalysts were investigated by N> adsorption—
desorption measurements (Fig. 3). All catalysts exhibit type IV isotherms accompanied by
hysteresis loops in the relative pressure range of 0.4—0.9, characteristic of mesoporous materials
according to the [UPAC classification. The presence of mesoporosity is beneficial for catalytic
applications as it facilitates reactant diffusion and provides accessible surface sites for metal—
support interactions.
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Fig. 3: N2-adsorption-desorption isotherms for Au/(HAp)s(Cit)x catalysis: (a) x=0; (b)
x=1, (¢) x=2; (d) x=4



The corresponding textural parameters, including specific surface area (Sger), pore volume,
average pore diameter, surface basicity (pHrzc), gold loading, and Ca/P ratio, are summarized
in Table 1. A progressive increase in surface area is observed with increasing citrate content,
from 62 m? g! for AwHAp to 144 m® g' for Au/(HAp)s(Cit)s. This enhancement is
accompanied by an increase in pore volume (0.36-0.59 cm® g'!) and a decrease in average pore
diameter (22.8-17.3 nm), suggesting that citrate modification influences the surface
organization and porosity of HAp.

The increase in surface area after citrate incorporation can be associated with the interaction of
citrate molecules with surface calcium sites, which may prevent particle aggregation during
synthesis and generate a more open surface structure. Moreover, the progressive decrease in
pHPZC from 8.0 for pristine Au/HAp to 6.5 for Au/(HAp)s(Cit)4 confirms the modification of
the surface acid-base properties by citrate functionalization. This evolution reflects the
introduction of acidic carboxylate functionalities and the modification of the local surface
charge environment, which may influence both gold anchoring and reactant adsorption during
catalytic oxidation [30]. Also, the Ca/P molar ratio increases with citrate content, indicating a
modification of the surface calcium environment rather than a structural transformation of the
HAp phase. This supports the formation of citrate—Ca’" interactions, consistent with FT-IR
observations, and highlights the role of citrate as a surface engineering agent capable of
simultaneously tuning the physicochemical properties of HAp and the dispersion of supported
gold species.

Table 1: Gold loading (ICP-AES) and textural properties of different catalysts
Au/(HAp)s(Cit)x (x=0; 1; 2 and 4)

Support SBET Vp Dy  pHeceN' Au Ca/P ratio
(HAp)s(Cit)x (m’g’) (gem?)  (nm) %o
x=0 62(59)* 036 228 8.0 0392 1.668(1.671) *
x=1 74 (88) %  0.41 243 7.6 0226 1.681(1.672) *
X =2 97(118) * 0.48 19.8 7.0 0.364 1.826(1.828) *
x =4 144(182) *  0.59 173 65 0393  1.838(1.833) *

(0 *: value of support

The electronic structure of Au/(HAp)s(Cit)x catalysts was investigated by X-ray photoelectron
spectroscopy (Fig. 4). All samples exhibit similar survey spectra, confirming that citrate
functionalization preserves the chemical composition of the hydroxyapatite support while
modifying the local surface environment. The O 1s spectra can be deconvoluted into two main

contributions centered at approximately 531.1 eV and 532.6 eV, assigned to oxygen atoms



belonging to carboxylate/carbonyl species (C=0O/COO~) and C-O functionalities together with
surface hydroxyl groups and adsorbed oxygen species of hydroxyapatite, respectively [31, 32].
The persistence of these contributions after gold deposition indicates that citrate remains
anchored to the HAp surface and continues to participate in the interfacial environment
surrounding the supported Au nanoparticles. The Au 4f spectra display the characteristic spin—
orbit doublet of metallic gold, with Au 4f7/> and Au 4f5,> components located at approximately
83.3 eV and 87.2 eV, confirming that gold is predominantly present as Au® [33-35]. No
detectable contribution associated with oxidized Au species is observed, suggesting an efficient
reduction of the Au precursor during catalyst preparation. A noticeable positive shift of the Au
4f binding energies is observed for Au/(HAp)s(Cit)s relative to the citrate-free Au/HAp catalyst,
amounting to approximately 0.70 eV for Au 4f72 and 0.60 eV for Au 4fs. Such shifts indicate
that citrate functionalization modifies the electronic environment of supported Au
nanoparticles. Rather than reflecting a change in gold oxidation state, these variations are more
likely associated with interfacial charge redistribution arising from strong interactions between
Au nanoparticles and the citrate-functionalized HAp surface. The coordination of citrate
carboxylate groups with surface Ca*' sites is expected to modify the local electrostatic
environment surrounding Au nanoparticles, thereby influencing the electron density of surface
Au atoms. Similar electronic perturbations have been reported for ligand-modified supported
noble-metal catalysts and are frequently associated with changes in reactant adsorption strength
and oxygen activation. Surface elemental compositions further support this interpretation
(Table 2). Whereas the P and O contents remain nearly constant throughout the catalyst series,
confirming preservation of the HAp framework, the progressive increase in surface carbon
concentration demonstrates the successful incorporation of citrate species. Simultaneously, the
Au/Ca atomic ratio increases with citrate loading, indicating a greater surface concentration of
accessible Au species. This trend suggests that citrate functionalization promotes a more
efficient immobilization of Au precursors, most likely through the creation of additional
coordination sites capable of stabilizing gold during nucleation. Collectively, the XPS results
demonstrate that citrate acts not only as a stabilizing ligand but also as an interfacial electronic
modifier capable of regulating both the dispersion and electronic properties of supported Au

nanoparticles [36, 37].
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Table 2: XPS results for different catalysts

Au/(HAp)s(Cit)x %Au’ Au/Ca %P %0 %C
x=0 0.289 0.013 8.59 69.15 0.80
x =1 0.180 0.008 8.78 68.61 2.10
X =2 0.323 0.017 8.63 69.96 3.31
X =4 0.482 0.020 8.20 69.81 4.79
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3.2. Morphological properties

The influence of citrate functionalization on catalyst morphology was investigated by SEM,
EDX and high-resolution TEM analyses. SEM images (Figs S4 and S5) reveal significant
differences between the citrate-free Au/HAp catalyst and citrate-functionalized samples. The
pristine catalyst is characterized by irregular aggregates with extensive particle coalescence,
whereas citrate-containing materials display a more homogeneous morphology together with a
marked reduction in aggregation. Elemental analysis confirms the homogeneous distribution of
Ca, P and O from the hydroxyapatite matrix together with Au throughout the catalyst particles,
demonstrating successful incorporation of the metallic phase. The comparable overall Au signal
intensity among the different catalysts indicates that citrate primarily affects the spatial
distribution of gold rather than its global loading. High-resolution TEM provides direct
evidence for the effect of citrate on Au nanoparticle formation (Fig. 5). In citrate-functionalized
catalysts, Au nanoparticles are uniformly dispersed over the HAp surface and exhibit a narrow
size distribution. In contrast, the citrate-free catalyst contains larger particles together with a
broader particle size distribution, in agreement with the XRD observations showing detectable
crystalline Au domains.

The improved dispersion observed after citrate functionalization can be rationalized by
considering the role of citrate during Au nucleation. Surface-bound citrate molecules
coordinated to Ca®" sites generate a high density of anchoring centers that facilitate
homogeneous adsorption of Au precursor species. Consequently, nucleation is expected to
occur simultaneously at numerous surface sites, leading to the formation of a larger number of
nuclei while suppressing particle migration and coalescence during reduction. In the absence
of citrate, the lower density of anchoring sites allows greater mobility of Au species, favoring
Ostwald ripening and particle growth [38]. A schematic representation of this proposed
mechanism is presented in Fig. 6. In contrast, the citrate-free Au/HAp catalyst exhibits weaker
interactions between gold species and the support surface, leading to less controlled nucleation,
larger particle domains, and a broader particle size distribution. These results demonstrate that
citrate functionalization provides an effective strategy for tuning Au nanoparticle growth
through interfacial regulation. The resulting control over nanoparticle size and dispersion is
expected to enhance the availability of surface-accessible active sites and thereby influence the
catalytic behavior of Au/HAp-based catalysts.

The combined XRD, XPS and TEM results therefore establish a clear structure—property
relationship in which citrate-mediated surface engineering controls both the nucleation kinetics

and the electronic environment of supported Au nanoparticles. Such simultaneous regulation of



particle dispersion and metal-support interactions is expected to directly influence oxygen

activation and the catalytic oxidation of benzyl alcohol, as discussed in the following section.
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4. Solvent free Benzyl alcohol oxidation

4.1.Effect of HAp/Cit molar ratio



The catalytic activity of the Au/(HAp)s(Cit)x materials was investigated in the aerobic oxidation
of benzyl alcohol to assess the effect of citrate functionalization on catalyst performance. Time—

conversion plots were recorded and are presented in Fig. 7.
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Fig. 7: Oxidation of benzyl alcohol by various gold catalysts

Reaction conditions: benzyl alcohol: 10 mmol, gold catalyst: 25 mg, T=80°C, t=75 min, Po>
=5 bars

The kinetics of benzyl alcohol oxidation reveal a pronounced dependence of catalytic activity
on the degree of citrate functionalization of the hydroxyapatite support. All catalysts exhibit a
monotonic increase in conversion with reaction time under conditions of excess molecular
oxygen. More importantly, citrate incorporation systematically enhances the catalytic
performance, although the activity does not scale linearly with citrate loading, indicating a
complex interplay between nanoparticle stabilization, surface accessibility, and metal-support

interactions.

4.2 Kinetic evaluation of Au/(HAp)s(Cit)x catalysts in the aerobic oxidation of Benzyl
Alcohol

Kinetic evaluation of Au/(HAp)s(Cit)x catalysts in the aerobic oxidation of benzyl alcohol

revealed that the reaction follows a first-order dependence on substrate concentration (Fig. S6).

In the present study, the rate expression for this system can be formulated as:



v =k X P§, X [BzOH]? (9)
where v is the rate of benzyl alcohol, k the rate constant, Po> the pressure of oxygen, [BzOH]
the concentration of benzyl alcohol, a and b the partial orders in O, and BzOH respectively.
The O» pressure is in excess; the Eq.10 can be simplified by Eq.11:
v = k X P§, X [BzOH|? = k,,, x [BzOH]¥  (10)

The kinetic data were linear fitted using a pseudo-first-order model:

[BzOH): _ _
[BzOH];

ap Xt (11)

where [BzOH], is the benzyl alcohol concentration (mol L) at time t, [BzOH]; is benzyl
alcohol concentration (mol L) at initial time (t=0), and kapp is the apparent rate constant (min-
1. The fitting results, the corresponding conversion values and turnover frequencies (TOF) are
summarized in Table 3. Statistical error functions such as MSE, RSME and RMPD (%) in the

pseudo-first order kinetic modeling of benzyl alcohol oxidation were determined using the

equations:
MSE = %Z?’zl(experimental — calculated)? (12)
RMSE = \/%Zf’zl(experimental — calculated)? (13)

100
MRPD = =237,

experimental—calculated

(14)

experimental

The catalytic performance of Au/(HAp)s(Cit)x catalysts was evaluated in the solvent-free
aerobic oxidation of benzyl alcohol under mild reaction conditions (Fig. 7). The citrate-free
Au/HAp catalyst exhibited a benzyl alcohol conversion of 60% with a turnover frequency
(TOF) of 149.68 h!, in agreement with the activity generally reported for supported Au catalysts
under comparable aerobic oxidation conditions [39]. Progressive citrate functionalization
markedly improved the catalytic performance, demonstrating that surface engineering of the
HAp support strongly influences the reactivity of supported Au nanoparticles.

Introducing a low citrate loading (x = 1) increased the conversion to 66%, while the TOF rose
sharply to 250.74 h'!. This significant enhancement cannot be solely attributed to the amount
of deposited gold, which remains nearly constant, but is more likely associated with the
improved dispersion of Au nanoparticles evidenced by XRD and TEM together with the
modified interfacial electronic environment revealed by XPS. The coordination of citrate
molecules to surface Ca?' sites is expected to generate a larger number of homogeneous
nucleation centers, leading to a higher density of accessible Au nanoparticles and a stronger

metal-support interaction. Further increasing the citrate content to x = 2 resulted in a conversion



of 84%, whereas the TOF slightly decreased to 229.68 h™'. Although the higher conversion
reflects the larger population of catalytically accessible Au nanoparticles, the small decrease in
intrinsic activity suggests that increasing citrate coverage may progressively modify the local
environment of surface Au atoms. Such behavior is consistent with ligand-modified supported
catalysts, where surface organic species simultaneously stabilize metallic nanoparticles and
partially influence the adsorption strength of reactants or reaction intermediates. Nevertheless,
the overall catalytic performance remains superior to that of the citrate-free catalyst, indicating
that the beneficial effect of improved Au dispersion outweighs any slight decrease in intrinsic
site activity. The Au/(HAp)s(Cit)4 catalyst exhibited the highest catalytic performance, reaching
99% benzyl alcohol conversion together with a TOF of 401.05 h!l. This remarkable
improvement correlates well with the physicochemical characteristics established by XRD,
BET, XPS and TEM analyses, including the absence of detectable crystalline Au domains, the
highest specific surface area, the largest Au/Ca surface ratio, and the homogeneous dispersion
of small Au nanoparticles. These results demonstrate that citrate functionalization
simultaneously regulates the nucleation, stabilization and electronic environment of supported
Au nanoparticles, generating an optimized Au—HAp interface for catalytic oxidation. Overall,
the catalytic results establish a clear structure—activity relationship in which citrate acts as an
interfacial engineering agent rather than a simple stabilizing ligand. By coordinating surface
Ca?" sites, citrate modifies the surface chemistry of hydroxyapatite, promotes homogeneous Au
nucleation, suppresses nanoparticle coalescence and enhances the exposure of catalytically
accessible Au sites. The superior activity of Au/(HAp)s(Cit)s therefore originates from the
synergistic contribution of improved nanoparticle dispersion, optimized metal-support

interactions and the tailored surface environment created by citrate functionalization [40].

Table 3: Kinetic analysis and Catalytic properties of Au/(HAp)5(Cit)x catalysis

Au/(HAp)s(Cit)x x=0 x=1 x=2 x=4
R? 0.987 0.998 0.998 0.995
Kappx10-3 (min-') 12.7 15.3 22.7 57.8
Conversion * (%) 60 +2 66+3 83+2 99+1
TOF (h)*” 149.68 250.74 229.68 401.05
MSE 10* 4x10™ 2x10 10
RMSE 0.01 0.02 0.01 0.01
MRPD (%) 2.23 5.20 2.52 1.46




4.3. Effect of citrate functionalization on benzaldehyde selectivity

The evolution of benzaldehyde selectivity as a function of citrate loading and reaction time is
presented in Fig. 8. During the initial stage of the reaction (up to 45 min), all Au/(HAp)5(Cit)x
catalysts exhibit high selectivity toward benzaldehyde, indicating that the citrate-modified
catalysts efficiently promote the selective oxidation of benzyl alcohol while limiting
consecutive oxidation reactions under moderate conversion levels. However, at extended
reaction times, a significant decrease in benzaldehyde selectivity is observed for the highly
citrate-functionalized catalysts. For x = 2 and 4, the selectivity decreases to 28% and 8%,
respectively, after 60 min. This behavior suggests that the enhanced activity associated with
citrate functionalization accelerates not only the initial oxidation of benzyl alcohol to
benzaldehyde but also the subsequent oxidation of benzaldehyde into benzoic acid when
benzaldehyde accumulates in the reaction medium. In contrast, the citrate-free and low-citrate
catalysts (x = 0 and 1) maintain high benzaldehyde selectivity (96-97%) throughout the
reaction, which can be attributed to their lower intrinsic oxidation rates and reduced availability
of highly active sites responsible for consecutive oxidation. These results demonstrate that
citrate incorporation modulates both catalytic activity and product distribution, with the optimal
catalytic behavior requiring a balance between sufficient interfacial activation of
oxygen/substrate molecules and controlled exposure of highly reactive Au sites. Therefore,
citrate loading and reaction time represent complementary parameters for tuning benzaldehyde
productivity and selectivity. These results indicate an activity—selectivity trade-off: higher
conversion is accompanied by increased consecutive oxidation of benzaldehyde to benzoic acid

during extended reaction times.
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4.4. Recyclable catalysts Au/(HAp)s(Cit)x

The recyclability of the Au/(HAp)s(Cit)x catalysts was evaluated over four consecutive
oxidation cycles to assess their operational stability under the reaction conditions. While
Au/(HAp)s(Cit)1 exhibited a slight decline in benzyl alcohol conversion, the Au/(HAp)s(Cit)2
and particularly Au/(HAp)s(Cit)s catalysts retained nearly constant catalytic activity,

highlighting the beneficial role of citrate functionalization in improving catalyst durability (Fig.
9).
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Fig. 9: Conversion stability of the catalysts over recycling cycles

This enhanced stability is attributed to the stronger interfacial interactions established between
the citrate carboxylate groups, surface Ca** sites, and Au nanoparticles, which provide effective
anchoring sites that suppress nanoparticle migration and aggregation during catalysis. This

interpretation is supported by the XRD, TEM micrographs and N2> adsorption-desorption of the
recycled catalysts (Fig. 10).
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Fig. 10: Effect of Au/(HAp)s(Cit)4 catalyst recycling on structural, textural and

morphological properties: (A) XRD, (B) N2 adsorption-desorption, (a) TEM after cycle 1
and (b) TEM after cycle 4.

After four catalytic cycles, the BET surface area decreased from 130 to 83 m? g”!, accompanied
by a reduction in pore volume from 0.48 to 0.38 cm?® g! and a slight increase in the average
pore diameter. Similar textural changes have frequently been reported for supported noble-
metal catalysts after repeated oxidation reactions, where moderate decreases in BET surface
area are generally associated with partial pore blockage by strongly adsorbed reaction
intermediates or products rather than irreversible collapse of the porous framework [33, 41]. In
the present study, this interpretation is supported by the unchanged XRD patterns, which
confirm the preservation of the crystalline hydroxyapatite structure and the absence of
detectable Au crystal growth. Moreover, post-reaction TEM images show that the Au

nanoparticles remain uniformly dispersed over the HAp support without noticeable



aggregation, confirming that the decrease in BET surface area does not originate from
nanoparticle sintering but rather from a slight reduction in pore accessibility. Overall, these
complementary characterizations demonstrate that the catalyst retains its structural integrity and

excellent morphological stability throughout the recycling process.

4.5.Effect of storage time and NaBH4 regeneration treatment

The long-term stability of citrate-functionalized Au/(HAp)s(Cit)x catalysts was evaluated by
performing benzyl alcohol oxidation after 12 months of storage under ambient conditions
(Table 5). Compared with the freshly prepared catalysts, all aged materials exhibited a
significant decrease in catalytic activity, demonstrating that prolonged storage induces
modifications of the active catalytic interface.

Table 4: Catalytic properties for Au/(HAp)S(Cit)x after 12 months

Conversion® TOF® Au’© AuOx©
Aw/(HAp)s(Cit)s (%) (h) (%) (%)
x=1 37 (66) * 217.00 79 21
x=2 53 (84) * 51.94 61 39
x=4 60 (99) * 129.10 65 35

@determined after 3 hours;, ® calculated after 15 min; ©determined by XPS 0" After

regeneration

The Au/(HAp)s(Cit)s catalyst, which exhibited the highest initial activity, showed a decrease in
benzyl alcohol conversion from 99 to 60%, accompanied by a decrease in TOF from 401 to 129
h'!. Similar activity losses were observed for catalysts containing lower citrate contents,
although the extent of deactivation varied depending on the initial surface environment. These
results indicate that the citrate-modified Au/HAp interface, while highly effective for promoting
Au dispersion and catalytic activity, remains sensitive to surface evolution during long-term
storage. XPS analysis provides important insights into the origin of this deactivation (Fig. 11
and Fig. S7). After aging, an increased contribution of oxidized gold species (Au®") is observed,
reaching up to 39%, together with a decrease in the relative amount of metallic Au®. This
evolution suggests a partial modification of the electronic state of surface gold atoms during
storage, likely induced by interactions with surface oxygenated species, hydroxyl groups, or
rearrangement of citrate-derived interfacial species [42]. Since metallic Au’ sites are generally
associated with alcohol activation, such electronic modification may reduce the availability of

catalytically favorable sites and alter the reaction pathway. In addition to electronic changes,



TEM analysis reveals modifications in the dispersion state and morphology of gold
nanoparticles after aging (Figs S8—S9). These structural rearrangements may further contribute
to the loss of catalytic efficiency by decreasing the number of accessible Au active sites and
modifying the metal-support interface. These structural rearrangements may further contribute
to the loss of catalytic efficiency by decreasing the number of accessible Au active sites and
modifying the metal-support interface. Such deactivation pathways, involving nanoparticle
restructuring, loss of dispersion and changes in the electronic state of surface gold species, have
been widely reported for supported gold catalysts [43—45]. Moreover, catalyst aging also
influences product selectivity. Whereas freshly prepared Au/(HAp)s(Cit)s preferentially
promotes benzaldehyde formation, aged catalysts exhibit increased benzyl benzoate formation.
This change suggests that modification of the Au oxidation state and surface chemical
environment affects the relative kinetics of the competing oxidation and coupling pathways.
The increased fraction of electron-deficient Au®" sites and the modified adsorption environment
may favor alternative transformations involving benzyl alcohol/benzaldehyde-derived
intermediates, leading to enhanced ester formation [46, 47]. These observations highlight the
importance of maintaining an appropriate balance between metallic Au® sites and interfacial
oxidized species for controlling oxidation selectivity.

To evaluate the reversibility of the observed deactivation, the aged catalysts were subjected to
a mild NaBH4 regeneration treatment. Remarkably, the catalytic activity and benzaldehyde
selectivity were significantly recovered after reduction, demonstrating that the loss of
performance is significantly influenced by reversible surface chemical modifications rather
than irreversible structural degradation. The regeneration effect can be attributed to the
restoration of metallic Au® sites and the removal or transformation of surface oxygenated
species that partially block active sites [47-49]. Overall, these results demonstrate that citrate
functionalization provides highly active Au/HAp catalysts but that long-term performance
depends critically on the preservation of the Au-citrate-HAp interfacial structure. The
reversible evolution of Au oxidation state revealed here emphasizes the importance of
controlling metal-support interactions and surface electronic properties for designing durable

supported gold oxidation catalysts.
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Fig. 11: (A) IR-ATR (B) XPS spectra (C) HR-TEM micrographs for Au/(HAp)s(Cit)4
after 12 months

4.6.Effect of palladium addition (Pd) on Au/(HAp)s(Cit)x in benzyl alcohol oxidation

The incorporation of Pd into Au/(HAp)s(Cit)x catalysts markedly modifies both catalytic
activity and product selectivity during the solvent-free aerobic oxidation of benzyl alcohol
(Table 4). For Au/(HAp)s(Cit): and Au/(HAp)s(Cit)2, Pd addition increases the benzyl alcohol
conversion from 66 and 83%, respectively, to complete conversion under identical reaction
conditions. Such a pronounced enhancement is consistent with the synergistic behavior widely
reported for Au—Pd bimetallic catalysts, where the intimate interaction between both metals
generates active interfacial sites exhibiting higher catalytic efficiency than the corresponding
monometallic counterparts [48, 49]. Although the present characterization does not allow the

individual roles of Au and Pd to be unequivocally identified, the improved activity strongly



suggests that Pd modifies the catalytic properties of Au through geometric and electronic
effects. The incorporation of Pd may alter the electronic structure of neighboring Au atoms
while simultaneously generating new interfacial sites capable of promoting key elementary
steps involved in aerobic oxidation. This interpretation is consistent with previous studies
showing that Au-Pd alloys or closely contacted Au—Pd nanoparticles facilitate molecular
oxygen activation and accelerate catalyst regeneration during alcohol oxidation [50]. Beyond
the remarkable increase in activity, Pd incorporation substantially modifies the reaction
selectivity. Whereas Au catalysts predominantly produce benzaldehyde, the corresponding Au—
Pd catalysts generate comparable amounts of benzaldehyde and benzoic acid, indicating that
Pd not only accelerates the oxidation of benzyl alcohol but also promotes the consecutive
oxidation of benzaldehyde. This behavior suggests that the overall oxidation pathway is shifted
toward deeper oxidation once Pd is introduced into the catalytic interface. The enhanced
formation of benzoic acid is likely associated with the higher oxidation capability of Au—Pd
interfacial sites together with the favorable adsorption environment provided by the citrate-
functionalized HAp support [51]. Under these conditions, the rate of benzaldehyde oxidation
becomes comparable to its rate of formation, leading to the simultaneous production of both
oxidation products. Such behavior illustrates the kinetic competition between the two
consecutive oxidation steps rather than a simple change in catalyst activity [52, 53].

Table 5: Effect of Pd addition in the catalytic performance

Selectivity (%)
Pd-Au/(HAp)s(Cit)« Conversion | BzZOH BzCOOH Time
(%)
=1 100 46 54 45 min
X= 100 43 57 60 min
X= 100 55 45 60 min

4.7. Proposed reaction pathways for benzyl alcohol oxidation over Au/(HAp)s(Cit)x
catalysts

The aerobic oxidation of benzyl alcohol over supported gold catalysts is generally proposed to
proceed through an oxygen-assisted dehydrogenation pathway involving the activation of the
alcohol molecule on low-coordinated Au sites. The initial interaction between benzyl alcohol
and the gold surface leads to the formation of surface benzyloxy intermediates (CsHsCH20%*),
which can undergo further dehydrogenation to produce benzaldehyde. Under conditions where
the oxidation of the intermediate is kinetically limited, benzaldehyde remains the predominant
product, explaining the high aldehyde selectivity commonly reported for Au-based catalysts

under base-free or mildly basic conditions.



The subsequent oxidation of benzaldehyde to benzoic acid occurs through the formation of
surface benzoate species generated by the interaction of benzaldehyde-derived intermediates
with activated oxygen species. This consecutive oxidation pathway becomes increasingly
favorable when oxygen activation is enhanced or when the catalyst surface provides highly
reactive oxygen-containing sites. Therefore, controlling the balance between alcohol activation,
oxygen availability, and intermediate desorption is essential for achieving high benzaldehyde
selectivity. In addition to the aldehyde and acid pathways, benzyl benzoate formation may occur
through coupling reactions involving benzyl alcohol-derived benzyloxy species and
benzaldehyde intermediates. Such side reactions become more competitive when the surface
electronic properties, oxygen activation ability, or intermediate adsorption strength are
modified.

For the citrate-functionalized Au/(HAp)s(Cit)x catalysts, the catalytic selectivity is therefore
expected to depend on the synergistic effects of gold nanoparticle dispersion, Au oxidation
state, citrate-mediated interfacial interactions, and the acid-base properties of the
hydroxyapatite support. The citrate-modified interface can regulate both the availability of
active Au sites and the adsorption strength of oxygenated intermediates, thereby influencing the
competition between benzaldehyde formation, further oxidation to benzoic acid, and coupling
pathways leading to benzyl benzoate (Fig. 13). These considerations highlight the importance
of controlling the Au—citrate-HAp interfacial environment to tune catalytic activity and product

selectivity.
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Fig. 12: Proposed mechanism of benzyl alcohol oxidation using fresh and reduced: (a)
All catalysts, (b) Au/(HAp)s(Cit)x (¢) Au/(HAp)s(Cit)x aged and (c) Pdi-Auz/(HAp)s(Cit)4
4.8. Green metrics and catalytic efficiency
The catalytic performance of the Au/(HAp)s(Cit)x series improves significantly with increasing
citrate content (Table 6). Mass productivity (MP) increases progressively from 57% for x =0
to 95% for x = 4, while the E-factor, which expresses the amount of waste generated relative to
the mass of the desired product, decreases sharply from 0.7 to 0.05. This inverse correlation
reflects improved overall oxidation process efficiency in the presence of citrate groups.
Simultaneously, carbon efficiency (CE) increases from 59% to 99%, indicating near-complete
utilization of the carbon substrate and a significant reduction in non-productive side reactions.
These results highlight the beneficial role of citrate groups in modulating the physicochemical
properties of catalysts. Indeed, citrate acts as a multidentate ligand capable of simultaneously
coordinating the Ca®" sites of hydroxyapatite and gold nanoparticles, thus promoting
homogeneous metal dispersion and stabilizing active sites. Furthermore, the carboxylate and
hydroxyl groups of citrates can facilitate the activation of molecular oxygen and stabilize
reaction intermediates, thereby accelerating the catalytic cycle and improving the selectivity of
the process [54]. Similar effects have been reported for gold catalysts modified with carboxylate
ligands, where the presence of these surface species promotes electron transfer and maintains
the redox dynamics of the active sites. Thus, the high performance of the Au/(HAp)s(Cit)4
catalyst (MP = 95%, E-factor = 0.05, CE = 99%) can be attributed to an optimized electronic
and structural environment induced by the presence of citrate, leading to efficient oxidation of

the substrate with minimal formation of by-products and excellent atom economy [55-57].

Table 6: Green metrics values of different catalysts of different gold catalysts supported
on hydroxyapatite

Au/(HAp)s(Cit)x MP (%) E-factor CE (%)
x=0 57 0.7 59
x=1 61 0.65 65
x=2 68 0.47 83
x=4 95 0.05 99

5. Conclusion
This work establishes citrate-functionalized hydroxyapatite as an effective support for the

controlled synthesis of highly dispersed Au nanoparticles, enabling the selective aerobic



oxidation of benzyl alcohol under mild conditions. Citrate plays a dual role by regulating
nanoparticle dispersion through strong metal-support interactions and by enhancing catalytic
activity and product selectivity toward benzaldehyde using molecular oxygen as the sole
oxidant, without added bases or stoichiometric oxidants. The combination of a biocompatible,
recyclable support with an efficient heterogeneous catalytic system highlights the potential of
citrate-engineered hydroxyapatite as a sustainable platform for selective oxidation chemistry.
Although preservation of the metallic Au active sites requires storage under a reducing
atmosphere prior to use, the catalytic process itself remains environmentally benign. More
broadly, this strategy provides a rational framework for engineering metal-support interfaces

to develop efficient and sustainable catalysts for aerobic oxidation reactions.
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  C o n v e r s i o n   ( % )   =     ( [ B z O H ] i − [ B z O H ] t )  [ B z O H ] i × 100  


  𝒗 = 𝒌 ×   𝑷  𝑶 𝟐  𝜶 ×    [ 𝑩 𝒛 𝑶 𝑯 ]  𝜷 =     𝒌  𝒂 𝒑 𝒑 ×    [ 𝑩 𝒛 𝑶 𝑯 ]  𝜷


  𝒍 𝒏     [ 𝑩 𝒛 𝑶 𝑯 ]  𝒕    [ 𝑩 𝒛 𝑶 𝑯 ]  𝒊 = −   𝒌  𝒂 𝒑 𝒑 × 𝒕
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    [ B z O H ]  i


  M S E =  1  N   ∑  i = 1  N    ( e x p e r i m e n t a l − c a l c u l a t e d ) 2


  R M S E =   1  N   ∑  i = 1  N    ( e x p e r i m e n t a l − c a l c u l a t e d ) 2


  M R P D =    100  N   ∑  i = 1  n   |   e x p e r i m e n t a l − c a l c u l a t e d  e x p e r i m e n t a l |
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