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Abstract 

En ineerin  me al–su  or  in erfaces  hrou h con rolled surface func ionaliza ion offers a 

versa ile rou e  o  ailor su  or ed me al ca alys s. Here, ci ra e-func ionalized hydroxya a i e 

(HA ) serves as an inor anic–or anic  la form for  he in-si u forma ion of Au nano ar icles, 

evalua ed in  he solven -free aerobic oxida ion of benzyl alcohol. A series of Au/(HA )5(Ci )x 

ca alys s (x = 0, 1, 2, 4) was  re ared  o correla e ci ra e loadin  wi h surface  ro er ies, Au 

dis ersion, and ca aly ic  erformance. Mul i- echnique charac eriza ion (XRD, ATR-FT R, N2 

 hysisor  ion, XPS, SEM-EDX, HR-TEM,  CP-OES) reveals  ha  ci ra e func ionaliza ion 

 unes HA  surface chemis ry and  ex ure while  romo in  a more homo eneous dis ribu ion of 

Au nano ar icles.  ncreasin  ci ra e con en  modifies  he elec ronic environmen  of surface Au, 

as evidenced by shif s in Au 4f bindin  ener ies and chan es in  he Au/Ca surface ra io. 

Ca aly ic ac ivi y increases wi h ci ra e loadin , wi h Au/(HA )5(Ci )4 achievin  99% benzyl 

alcohol conversion under solven -free condi ions usin  O₂. This  erformance is accom anied 

by hi h  rocess efficiency (95% mass  roduc ivi y, E-fac or 0.05, 99% carbon efficiency). 

Prolon ed reac ion  imes favor over-oxida ion  o benzoic acid, hi hli h in   he ac ivi y–

selec ivi y  rade-off. The ca alys s show  ood recyclabili y; lon - erm s ora e induces  ar ial 

oxida ion and res ruc urin  of surface Au, bu  NaBH4  rea men  subs an ially res ores ac ivi y. 

These resul s es ablish ci ra e func ionaliza ion as an effec ive s ra e y  o modula e Au–HA  

in erfacial  ro er ies and define s ruc ure–ac ivi y rela ionshi s for aerobic alcohol oxida ion. 

Ke  ords: Ci ra e-func ionaliza ion, a a i e,  old nano ar icles,  reen oxida ion, Reusabili y  

 

 

 

 

 

 

 

 

 

 



1. Introdu tion 

The selec ive aerobic oxida ion of alcohols in o value-added oxy ena ed com ounds re resen s 

a fundamen al challen e in sus ainable ca alysis, as i  enables  he re lacemen  of s oichiome ric 

oxidan s by molecular oxy en while reducin  was e  enera ion and im rovin  a om 

efficiency[1–3]. Benzyl alcohol oxida ion re resen s an im or an   ransforma ion in sus ainable 

fine chemical syn hesis, enablin   he  roduc ion of hi h-value oxy ena ed com ounds such as 

benzaldehyde and benzoic acid [4–6]. Benzaldehyde is a key in ermedia e in  he  re ara ion of 

 harmaceu icals, he erocyclic com ounds, fra rances, and chiral buildin  blocks, owin   o  he 

versa ile reac ivi y of i s aldehyde func ionali y [7–9]. Benzoic acid, in  urn, serves as an 

essen ial  recursor for  harmaceu ical in redien s, an ifun al com ounds, and indus rial 

 reserva ives [10, 11]. However, achievin  con rolled oxida ion  a hways remains challen in  

because benzaldehyde, once formed, can under o fur her oxida ion  o benzoic acid under 

aerobic condi ions. Therefore,  recise re ula ion of oxy en ac iva ion and surface reac ion 

in ermedia es is required  o selec ively direc   he reac ion  oward  he desired  roduc . Hence, 

 he develo men  of selec ive ca aly ic sys ems enablin   ailored oxida ion  oward benzaldehyde 

or benzoic acid under mild and sus ainable condi ions is of  rea  relevance  o  he 

 harmaceu ical and s ecial y chemical indus ries [12]. 

Amon  noble me al-based ca alys s, su  or ed  old nano ar icles have demons ra ed 

remarkable  o en ial for aerobic oxida ion reac ions due  o  heir abili y  o ac iva e molecular 

oxy en under rela ively mild condi ions while exhibi in  hi h resis ance  oward overoxida ion 

com ared wi h conven ional  ransi ion-me al ca alys s [13, 14]. Never heless,  he ca aly ic 

 erformance of Au-based sys ems is in rinsically de enden  on nanoscale  arame ers, includin  

 ar icle size, dis ersion, oxida ion s a e, elec ronic  ro er ies, and  he na ure of  he me al–

su  or  in erface [14, 15] . 

While conven ional oxide su  or s have been ex ensively inves i a ed, surface 

func ionaliza ion s ra e ies have recen ly emer ed as  owerful  ools  o re ula e  recursor 

anchorin , nano ar icle nuclea ion and  row h, and  he elec ronic s ruc ure of su  or ed me al 

s ecies  hrou h molecular-level en ineerin  of me al–su  or  in erfaces[16–18]. Or anic 

surface modifiers con ainin  oxy ena ed func ionali ies can  rovide selec ive coordina ion si es 

for me al  recursors, im rove nano ar icle s abiliza ion, and modify  he local elec ronic 

environmen  of ac ive me al si es. However, achievin  an o  imal balance be ween nano ar icle 

confinemen , accessibili y of ac ive si es, and  reserva ion of ca aly ic in erfaces remains a 

si nifican  challen e. 



Hydroxya a i e (HA , Ca10(PO4)6(OH)2), a calcium  hos ha e mineral s ruc urally analo ous 

 o biolo ical a a i e, has a  rac ed in eres  as a ca aly ic su  or  owin   o i s  unable acid–base 

 ro er ies, ion-exchan e ca abili y, and  he  resence of surface Ca²⁺ and  hos ha e  rou s  ha  

can  ar ici a e in  he anchorin  of me al s ecies and or anic modifiers [19, 20].  n  ar icular, 

ci ra e molecules, owin   o  heir mul i le carboxyla e  rou s, can s ron ly coordina e surface 

calcium si es, offerin  a versa ile rou e for modifyin  HA  surface  ro er ies and con rollin  

noble me al de osi ion [21–23]. Al hou h ci ra e is ex ensively used as a s abilizin  li and 

durin  colloidal nano ar icle syn hesis, i s role as a surface en ineerin  a en  for re ula in  

me al nuclea ion, in erfacial elec ronic  ro er ies, and ca aly ic behavior on inor anic su  or s 

remains  oorly unders ood. Es ablishin  clear correla ions be ween ci ra e-induced surface 

modifica ion, Au nano ar icle charac eris ics, and ca aly ic  erformance is  herefore essen ial 

for  he ra ional desi n of advanced su  or ed  old ca alys s. 

 n  his work, ci ra e-func ionalized hydroxya a i e was em loyed as a  ailored  la form 

for con rollin   he forma ion and ca aly ic  ro er ies of  old nano ar icles in  he solven -free 

aerobic oxida ion of benzyl alcohol. A series of Au/(HA )5(Ci )x ca alys s wi h con rolled 

ci ra e con en s was syn hesized  hrou h an in-si u de osi ion a  roach. Com rehensive 

s ruc ural, s ec rosco ic, and microsco ic inves i a ions combined wi h ca aly ic evalua ion 

were  erformed  o elucida e  he influence of ci ra e-media ed surface en ineerin  on Au 

nano ar icle dis ersion, me al–su  or  in erac ions, oxy en ac iva ion, and oxida ion 

selec ivi y. The ob ained insi h s  rovide fundamen al unders andin  of  he role of or anic–

inor anic in erfaces in desi nin  efficien  and sus ainable  old-based oxida ion ca alys s. 

2. Materials and  ethods 

 .  Che i al reagents  
 Ci ric acid (C6H8O7, 99%) and  e rachloroauric (   ) sodium dihydra e (NaAuCl4.2H2O, 99%) 

were ob ained from Si ma Aldrich. Calcium ni ra e (Ca(NO3)2.4H2O, 99%) and diammonium 

hydro en or ho hos ha e ((NH4)2HPO4, 99%) were su  lied by Merck. Benzyl alcohol 

(99.8%), benzaldehyde (C6H5CHO, 99%) and benzoic acid (99.5%) were ob ained from Si ma-

Aldrich. All  he chemicals were of analy ical rea en  (AR)  rade and were used wi hou  fur her 

 urifica ion.  

 .   un tionalization of h dro  apatite surfa e 

Ci ra e-func ionalized hydroxya a i e nano owders were  re ared  hrou h a modified co-

 reci i a ion rou e accordin   o a  reviously re or ed  rocedure [24]: Briefly, a calcula ed 

amoun  of ci ric acid was in roduced in o an aqueous calcium ni ra e solu ion (5.0 × 10-2 mol 



L-1)  o ob ain Ci /Ca molar ra ios of x = 1, 2, and 4. The  H of  he solu ion was main ained a  

11 by  he con rolled addi ion of ammonium hydroxide solu ion (NH4OH, 28 w %). Af er 30 

min of vi orous s irrin , an aqueous diammonium hydro en  hos ha e solu ion was added 

dro wise a  a con rolled ra e of 1 mL min-1 while main ainin   he Ca/P molar ra io a  1.67. The 

sus ension was fur her a ed under con inuous s irrin  for 2 hours  o com le e  he  reci i a ion 

 rocess. The ob ained  reci i a es were  horou hly washed wi h warm demineralized wa er 

un il neu ral  H (~7), followed by e hanol rinsin , and dried overni h  a  70 °C. The resul in  

ci ra e-func ionalized hydroxya a i e sam les were deno ed as (HA )5(Ci )x (x = 1, 2, and 4). 

 .  Preparation of   p nanoparti les  

The same  ro ocol was used as described in  ara ra h 2.2 wi hou  usin  ci ric acid.  

 .  In situ s nthesis of  u    p   Cit    atal sts      ;  ;   and    

Ci ra e-func ionalized hydroxya a i e ma erials, Au/(HA )5(Ci )x, were em loyed as su  or s 

for  he in-si u de osi ion of  old nano ar icles  hrou h a one- o  syn hesis s ra e y The 

 resence of surface ci ra e s ecies was ex ec ed  o  rovide coordina ion si es for  old 

 recursors and  romo e  he forma ion of su  or ed Au nano ar icles. Ty ically, 250 m  of 

Au/(HA )5(Ci )x su  or  (x = 1, 2 and 4) was dis ersed in 2 mL of aqueous sodium  e ra-chloro-

aura e (   ) solu ion (NaAuCl4, 2.5 mmol L-1), corres ondin   o a  heore ical  old loadin  of 

0.4 w %. The sus ension was s irred under reflux a  100 °C for 5 hours. Durin   he  rocess,  he 

ini ial yellow colora ion of  he  old  recursor solu ion  radually  urned  ur le, su  es in   he 

in-si u reduc ion of Au s ecies and  he forma ion of  old nano ar icles. Af er coolin   o room 

 em era ure,  he solid  hase was recovered by cen rifu a ion, washed  wice wi h deionized 

wa er and subsequen ly wi h e hanol,  hen dried overni h  a  70°C. The resul in  ca alys s were 

deno ed as Au/(HA )5(Ci )x (x = 1, 2 and 4). 

 . . Preparation of  itrate-free  u   p  atal st as referen e 

A ci ra e-free Au/HA  ca alys  was  re ared as a reference ma erial usin  a conven ional 

im re na ion–reduc ion a  roach. Ty ically, 250 m  of  ris ine hydroxya a i e was dis ersed 

in an aqueous solu ion of sodium  e ra-chloro-aura e (   ) (NaAuCl4, 2.5 mmol L-1) under 

con inuous s irrin . The sus ension was hea ed a  100 °C under a mos heric  ressure un il 

com le e eva ora ion of  he solven , allowin   he de osi ion of  old  recursor s ecies on o  he 

HA  surface. The resul in  solid was subsequen ly  rea ed wi h an aqueous sodium borohydride 

solu ion (NaBH4, 0.1 mol L-1)  o reduce  he adsorbed  old s ecies in o me allic  old 

nano ar icles. The ca alys  was recovered by cen rifu a ion, washed  wice wi h deionized wa er 



and finally wi h e hanol, followed by dryin  a  70 °C overni h . The ob ained ma erial was 

deno ed as Au/HA . 

 .6 Chara terization  ethods 

The X-ray diffrac ion (XRD)  a  erns of all sam les were de ermined usin  a PANaly ical 

X’Per  PRO  owder diffrac ome er equi  ed wi h a fas  X’Celera or de ec or wi h 

monochroma ic Cu Kα source (λ = 0.15418 nm) usin  a source  ower of 40 kV and 40 mA. 

The sam les were charac erized usin  a Bruker O  ics Ver ex 80 V FT- R s ec rome er in  he 

ran e of 4000-400 cm-1. Chemical analyses were  erformed by  CP-OES on a Horiba Jobin 

Yvon modele ac iva. The s ecific surface areas (SBET) were calcula ed accordin   o  he 

Brunauer-Emme -Teller (BET) me hod usin  a Micromeri ics TriS ar ins rumen , based on  he 

N2 adsor  ion-desor  ion da a ob ained a  77K. The XPS measuremen s were carried ou  usin  

a MAC2  y e s ec rome er whose source is a double aluminum and ma nesium anode. The 

 rimary beam used is aluminum, wi h ener y hν = 1486.6 eV. The analyzer is  eome ry 

cylindrical and i s ener y resolu ion is 1eV. The mor holo y of  he ca alys s  re ared was 

de ermined by  ransmission elec ron microsco y (TEM-HR) usin  a JEOL 2010 device 

o era in  a  200kV equi  ed wi h EDX ca aci ors. The ca alys   owders were dis ersed on o 

carbon-coa ed co  er  rids  rior  o TEM analysis. Carbon amoun  is measured usin  a Horiba 

Jobin Yvon CHNS elemen al analyzer, model EM A 220. 

 .6.  ree sol ent  atal ti  test 
The ca aly ic oxida ion of benzyl alcohol (BzOH) was carried ou  under solven -free condi ions 

in a s irred ba ch au oclave.  n a  y ical ex erimen , benzyl alcohol (10 mmol, ~1 mL) was 

in roduced in o  he reac or and  ur ed wi h ni ro en  o remove dissolved oxy en. Subsequen ly, 

25 m  of Au-based ca alys  was added, and  he reac or was  ressurized wi h molecular oxy en 

(5 bars) af er reachin   he desired reac ion  em era ure. The oxida ion reac ion was conduc ed 

a  80 °C under con inuous s irrin  (500 r m) for 90 min. Durin   he reac ion, aliquo s were 

wi hdrawn every 15 min, dilu ed wi h iso ro anol con ainin  chlorobenzene (2 w %) as an 

ex ernal s andard, and analyzed by  as chroma o ra hy (Varian CP-8450 GC) equi  ed wi h a 

30 m Carbowax ca illary column. The ca aly ic s abili y of  he hybrid ca alys s was evalua ed 

by com arin   heir  erformance af er syn hesis and af er 12 mon hs of s ora e under ambien  

condi ions. Ca alys  recyclabili y was assessed  hrou h consecu ive ca aly ic cycles. Af er each 

run,  he ca alys  was recovered by solven  eva ora ion, dried under vacuum a  150°C for 10 

min, and direc ly reused under iden ical reac ion condi ions. 



The benzyl alcohol conversion,  roduc  selec ivi y, yield, and  urnover frequency (TOF) were 

calcula ed accordin   o  he followin  equa ions: 

𝐶݊݋݅ݏݎ݁ݒ݊݋ (%)  =  ([஻௭ைு]௜−[஻௭ைு]௧)[஻௭ைு]௜ × (%) ݕݐ݅ݒ݅ݐ݈ܿ݁݁ܵ (1)          100  =  [௉௥௢ௗ௨௖௧]௜∑[௉௥௢ௗ௨௖௧] × 100                      (2) ܻ݈݅݁݀ (%)  =  𝐶݊݋݅ݏݎ݁ݒ݊݋ × = ܨܱܶ (3)               ݕݐ݅ݒ݅ݐ݈ܿ݁݁ݏ  ௡௨௠௕௘௥ ௢௙ ௠௢௟ ௢௙ ஻௭ைு ௖௢௡௩௘௥௧௘ௗ௡௨௠௕௘௥ ௢௙ ௠௢௟ ௢௙ ௚௢௟ௗ×௧௜௠௘                     (4) 

 . . Green Che istr  and  ustaina ilit  

The E-fac or  Eq.   quan ifies  he amoun  of was e  enera ed  er uni  mass of  roduc  and 

serves as a key indica or in  romo in  was e minimiza ion and resource efficiency  [25, 26].    

has  layed a cen ral role in  he develo men  of cleaner, was e-free chemical  rocesses. As a 

 rac ical me ric of a reac ion’s  reenness, lower E-fac or values (a  roachin  zero) reflec  

 rocesses  ha  are more sus ainable and environmen ally beni n:  ܧ − ݎ݋ݐ݂ܿܽ =  ௠௔௦௦ ௢௙ ௪௔௦௧௘௠௔௦௦ ௢௙ ௗ௘௦௜௥௘ௗ ௣௥௢ௗ௨௖௧            (5) 

Mass  roduc ivi y (MP)  Eq.6  accoun s for all ma erials involved in  he reac ion, includin  

rea en s, solven s, ca alys s, and any o her com onen s.    re resen s  he  ercen a e ra io of  he 

mass of  he desired  roduc   o  he  o al mass of all in u s. MP is defined as  he reci rocal of  he 

mass in ensi y (M ), ex ressed as a  ercen a e  Eq. 6 . Moreover, mass in ensi y and  he E-

fac or are in rinsically rela ed, as described by Eq.6-  The carbon efficien ly (CE) was 

de ermined usin  Eq.8. ܲܯ(%) =  ௠௔௦௦ ௢௙ ௗ௘௦௜௥௘ௗ ௣௥௢ௗ௨௖௧ ௠௔௦௦ ௢௙ ௔௟௟ ௨௦௘ௗ ௥௘௔௚௘௡௧ × 100 =  1ெூ × ܧ (6 )        100 − ݎ݋ݐ݂ܿܽ = ܫܯ − 1                                                         (7)  𝐶ܧ = ே௨௠௕௘௥ ௢௙ ௖௔௥௕௢௡ ௔௧௢௠௦ (௣௥௢ௗ௨௖௧)ே௨௠௕௘௥ ௢௙ ௖௔௥௕௢௡ ௔௧௢௠௦ (௥௘௔௚௘௡௧௦)                                 ( 8) 

3.  esults and dis ussion  
 . .  u    p   Cit   ph si o- he i al properties 

The crys allin form of  he Au/HA  and Au/(HA )5(Ci )x is de ermined by  he XRD analysis 

( ig.  ). 



 

Fig. 1: XRD diffractograms for different catalyst: (a) Au/HAp; (b) Au/(HAp)5(Cit)1; (c) 

Au/(HAp)5(Cit)2; (d) Au/(HAp)5(Cit)4 

The s ruc ural in e ri y of hydroxya a i e af er ci ra e func ionaliza ion and  old de osi ion was 

firs  inves i a ed by X-ray diffrac ion (XRD). As shown in  ig.  , all ca alys s exhibi   he 

charac eris ic diffrac ion  a  ern of hexa onal hydroxya a i e (JCPDS No. 09-0432), wi h 

reflec ions loca ed a  2θ = 25.95°, 31.77°, 32.86°, 39.90°, 46.69°, 49.58°, and 53.31°, 

corres ondin   o  he (002), (211), (300), (310), (222), (213), and (004) crys allo ra hic  lanes, 

res ec ively. The  reserva ion of  hese diffrac ion fea ures af er ci ra e modifica ion and Au 

de osi ion confirms  ha   he HA  framework remains s able durin   he func ionaliza ion and 

me al incor ora ion  rocesses. Interestingly, no diffraction peaks associated with crystalline 

Au⁰ are de ec ed for ci ra e-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/HA  ca alys  exhibi s an addi ional reflec ion a  2θ ≈ 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 Ca2+ 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 na ure of ci ra e incor ora ion and i s influence on  he HA  surface was 

inves i a ed by ATR-FT R s ec rosco y ( ig.  ). The s ec rum of ci ric acid dis lays  he 

charac eris ic vibra ional bands associa ed wi h carboxylic func ionali ies, includin   he C=O 

s re chin  vibra ion a  1725 cm-1 and  he asymme ric and symme ric s re chin  modes of 

carboxyla e  rou s a  1585 and 1391 cm-1, res ec ively [28, 29]  ig.    . Af er ci ra e 

func ionaliza ion of HA ,  he disa  earance of  he carbonyl vibra ion a  1725 cm-1  o e her 

wi h  he shif  of  he carboxyla e bands  oward lower wavenumbers (from 1585  o 1577 cm-1 

and from 1391  o 1343 cm-1) indica es a s ron  in erac ion be ween ci ra e molecules and  he 

HA  surface. These s ec ral modifica ions su  es   he de ro ona ion of ci ra e carboxylic 

 rou s followed by coordina ion wi h ex osed Ca2+ surface si es, leadin   o  he forma ion of 

ci ra e–calcium in erfacial com lexes. Fur hermore,  he a  earance of addi ional bands a  2989 

and 2900 cm-1, assi ned  o C–H s re chin  vibra ions of ci ra e or anic moie ies, confirms  he 

successful incor ora ion of ci ra e s ecies on o  he HA  surface. The broad absor  ion band 

cen ered a  a  roxima ely 3375 cm-1 corres onds  o O–H s re chin  vibra ions arisin  from 

hydroxyl  rou s and adsorbed wa er molecules, reflec in  hydro en-bondin  in erac ions 

wi hin  he modified surface environmen . 

Followin  Au de osi ion,  he charac eris ic ci ra e-rela ed vibra ion a  1343 cm-1 and  he O–H 

s re chin  band become less  ronounced, su  es in   ha   he local vibra ional environmen  of 

surface ci ra e s ecies is modified u on in erac ion wi h  old s ecies. These chan es may 

ori ina e from ci ra e-media ed s abiliza ion of de osi ed Au nano ar icles, where ci ra e 

molecules ac  as in erfacial li ands be ween  he inor anic su  or  and me allic  hase. 

 m or an ly,  he absence of new vibra ional fea ures indica es  ha  ci ra e remains chemically 

 reserved durin   old incor ora ion, main ainin   he func ionalized HA  surface archi ec ure. 



 

Fig. 2: IR-ATR spectra of Citric acid, HAp, (HAp)5(Cit)4 and Au/(HAp)5(Cit)4 

The  ex ural  ro er ies of Au/(HA )₅(Ci )ₓ ca alys s were inves i a ed by N2 adsor  ion–

desor  ion measuremen s ( ig.  ). All ca alys s exhibi   y e  V iso herms accom anied by 

hys eresis loo s in  he rela ive  ressure ran e of 0.4–0.9, charac eris ic of meso orous ma erials 

accordin   o  he  UPAC classifica ion. The  resence of meso orosi y is beneficial for ca aly ic 

a  lica ions as i  facili a es reac an  diffusion and  rovides accessible surface si es for me al–

su  or  in erac ions. 

 

Fig. 3: N2-adsorption-desorption isotherms for  u    p   Cit    atal sis: (a) x=0; (b) 

x=1, (c) x=2; (d) x=4 
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The corres ondin   ex ural  arame ers, includin  s ecific surface area (SBET),  ore volume, 

avera e  ore diame er, surface basici y ( HPZC),  old loadin , and Ca/P ra io, are summarized 

in Table 1. A  ro ressive increase in surface area is observed wi h increasin  ci ra e con en , 

from 62 m2  -1 for Au/HA   o 144 m2  -1 for Au/(HA )5(Ci )4. This enhancemen  is 

accom anied by an increase in  ore volume (0.36–0.59 cm3  -1) and a decrease in avera e  ore 

diame er (22.8–17.3 nm), su  es in   ha  ci ra e modifica ion influences  he surface 

or aniza ion and  orosi y of HA . 

The increase in surface area af er ci ra e incor ora ion can be associa ed wi h  he in erac ion of 

ci ra e molecules wi h surface calcium si es, which may  reven   ar icle a  re a ion durin  

syn hesis and  enera e a more o en surface s ruc ure. Moreover,  he  ro ressive decrease in 

 HPZC from 8.0 for  ris ine Au/HA   o 6.5 for Au/(HA )5(Ci )4 confirms  he modifica ion of 

 he surface acid–base  ro er ies by ci ra e func ionaliza ion. This evolu ion reflec s  he 

in roduc ion of acidic carboxyla e func ionali ies and  he modifica ion of  he local surface 

char e environmen , which may influence bo h  old anchorin  and reac an  adsor  ion durin  

ca aly ic oxida ion [30]. Also,  he Ca/P molar ra io increases wi h ci ra e con en , indica in  a 

modifica ion of  he surface calcium environmen  ra her  han a s ruc ural  ransforma ion of  he 

HA   hase. This su  or s  he forma ion of ci ra e–Ca2+ in erac ions, consis en  wi h FT- R 

observa ions, and hi hli h s  he role of ci ra e as a surface en ineerin  a en  ca able of 

simul aneously  unin   he  hysicochemical  ro er ies of HA  and  he dis ersion of su  or ed 

 old s ecies. 

Table 1: Gold loading (ICP-AES) and textural properties of different catalysts 

Au/(HAp)5(Cit)x (x=0; 1; 2 and 4) 

 upport 

   p   Cit   

  E  

    g-   

 p 

 g   -   

Dp 

 n   

p PC *  u 

  

Ca P ratio 

    62 (59) * 0.36 22.8 8.0 0.392 1.668(1.671) * 

     74 (88) * 0.41 24.3 7.6 0.226 1.681(1.672) * 

     97(118) * 0.48 19.8 7.0 0.364 1.826(1.828) * 

     144(182) * 0.59 17.3 6.5 0.393 1.838(1.833) * 

()*: value of support 

The elec ronic s ruc ure of Au/(HA )5(Ci )x ca alys s was inves i a ed by X-ray  ho oelec ron 

s ec rosco y ( ig.  ). All sam les exhibi  similar survey s ec ra, confirmin   ha  ci ra e 

func ionaliza ion  reserves  he chemical com osi ion of  he hydroxya a i e su  or  while 

modifyin   he local surface environmen . The O 1s s ec ra can be deconvolu ed in o  wo main 

con ribu ions cen ered a  a  roxima ely 531.1 eV and 532.6 eV, assi ned  o oxy en a oms 



belon in   o carboxyla e/carbonyl s ecies (C=O/COO⁻) and C–O func ionali ies  o e her wi h 

surface hydroxyl  rou s and adsorbed oxy en s ecies of hydroxya a i e, res ec ively [31, 32]. 

The  ersis ence of  hese con ribu ions af er  old de osi ion indica es  ha  ci ra e remains 

anchored  o  he HA  surface and con inues  o  ar ici a e in  he in erfacial environmen  

surroundin   he su  or ed Au nano ar icles. The Au 4f s ec ra dis lay  he charac eris ic s in–

orbi  double  of me allic  old, wi h Au 4f7/2 and Au 4f5/2 com onen s loca ed a  a  roxima ely 

83.3 eV and 87.2 eV, confirmin   ha   old is  redominan ly  resen  as Au⁰ [33–35]. No 

de ec able con ribu ion associa ed wi h oxidized Au s ecies is observed, su  es in  an efficien  

reduc ion of  he Au  recursor durin  ca alys   re ara ion. A no iceable  osi ive shif  of  he Au 

4f bindin  ener ies is observed for Au/(HA )5(Ci )4 rela ive  o  he ci ra e-free Au/HA  ca alys , 

amoun in   o a  roxima ely 0.70 eV for Au 4f7/2 and 0.60 eV for Au 4f5/2. Such shif s indica e 

 ha  ci ra e func ionaliza ion modifies  he elec ronic environmen  of su  or ed Au 

nano ar icles. Ra her  han reflec in  a chan e in  old oxida ion s a e,  hese varia ions are more 

likely associa ed wi h in erfacial char e redis ribu ion arisin  from s ron  in erac ions be ween 

Au nano ar icles and  he ci ra e-func ionalized HA  surface. The coordina ion of ci ra e 

carboxyla e  rou s wi h surface Ca2+ si es is ex ec ed  o modify  he local elec ros a ic 

environmen  surroundin  Au nano ar icles,  hereby influencin   he elec ron densi y of surface 

Au a oms. Similar elec ronic  er urba ions have been re or ed for li and-modified su  or ed 

noble-me al ca alys s and are frequen ly associa ed wi h chan es in reac an  adsor  ion s ren  h 

and oxy en ac iva ion. Surface elemen al com osi ions fur her su  or   his in er re a ion 

( a le  ). Whereas  he P and O con en s remain nearly cons an   hrou hou   he ca alys  series, 

confirmin   reserva ion of  he HA  framework,  he  ro ressive increase in surface carbon 

concen ra ion demons ra es  he successful incor ora ion of ci ra e s ecies. Simul aneously,  he 

Au/Ca a omic ra io increases wi h ci ra e loadin , indica in  a  rea er surface concen ra ion of 

accessible Au s ecies. This  rend su  es s  ha  ci ra e func ionaliza ion  romo es a more 

efficien  immobiliza ion of Au  recursors, mos  likely  hrou h  he crea ion of addi ional 

coordina ion si es ca able of s abilizin   old durin  nuclea ion. Collec ively,  he XPS resul s 

demons ra e  ha  ci ra e ac s no  only as a s abilizin  li and bu  also as an in erfacial elec ronic 

modifier ca able of re ula in  bo h  he dis ersion and elec ronic  ro er ies of su  or ed Au 

nano ar icles [36, 37].  

 

 

 

 



Table 2: XPS results for different catalysts 

 u    p   Cit     u   u Ca  P  O  C 

    0.289 0.013 8.59 69.15 0.80 

     0.180 0.008 8.78 68.61 2.10 

     0.323 0.017 8.63 69.96 3.31 

     0.482 0.020 8.20 69.81 4.79 

 

  

Fig. 4:XPS spectra of different Au/(HAp)5(Cit)x catalysis: A: (a): x=; (b) x=2; (c): x=4 

and B: (a): XPS spectra and (b) comparative XPS between Au/HAp and 

Au/(HAp)5(Cit)4 
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 . . Morphologi al properties 
The influence of ci ra e func ionaliza ion on ca alys  mor holo y was inves i a ed by SEM, 

EDX and hi h-resolu ion TEM analyses. SEM ima es ( igs    and   ) reveal si nifican  

differences be ween  he ci ra e-free Au/HA  ca alys  and ci ra e-func ionalized sam les. The 

 ris ine ca alys  is charac erized by irre ular a  re a es wi h ex ensive  ar icle coalescence, 

whereas ci ra e-con ainin  ma erials dis lay a more homo eneous mor holo y  o e her wi h a 

marked reduc ion in a  re a ion. Elemen al analysis confirms  he homo eneous dis ribu ion of 

Ca, P and O from  he hydroxya a i e ma rix  o e her wi h Au  hrou hou   he ca alys   ar icles, 

demons ra in  successful incor ora ion of  he me allic  hase. The com arable overall Au si nal 

in ensi y amon   he differen  ca alys s indica es  ha  ci ra e  rimarily affec s  he s a ial 

dis ribu ion of  old ra her  han i s  lobal loadin . Hi h-resolu ion TEM  rovides direc  

evidence for  he effec  of ci ra e on Au nano ar icle forma ion ( ig.  ).  n ci ra e-func ionalized 

ca alys s, Au nano ar icles are uniformly dis ersed over  he HA  surface and exhibi  a narrow 

size dis ribu ion.  n con ras ,  he ci ra e-free ca alys  con ains lar er  ar icles  o e her wi h a 

broader  ar icle size dis ribu ion, in a reemen  wi h  he XRD observa ions showin  de ec able 

crys alline Au domains. 

The im roved dis ersion observed af er ci ra e func ionaliza ion can be ra ionalized by 

considerin   he role of ci ra e durin  Au nuclea ion. Surface-bound ci ra e molecules 

coordina ed  o Ca2+ si es  enera e a hi h densi y of anchorin  cen ers  ha  facili a e 

homo eneous adsor  ion of Au  recursor s ecies. Consequen ly, nuclea ion is ex ec ed  o 

occur simul aneously a  numerous surface si es, leadin   o  he forma ion of a lar er number of 

nuclei while su  ressin   ar icle mi ra ion and coalescence durin  reduc ion.  n  he absence 

of ci ra e,  he lower densi y of anchorin  si es allows  rea er mobili y of Au s ecies, favorin  

Os wald ri enin  and  ar icle  row h [38]. A schema ic re resen a ion of  his  ro osed 

mechanism is  resen ed in  ig. 6.  n con ras ,  he ci ra e-free Au/HA  ca alys  exhibi s weaker 

in erac ions be ween  old s ecies and  he su  or  surface, leadin   o less con rolled nuclea ion, 

lar er  ar icle domains, and a broader  ar icle size dis ribu ion. These resul s demons ra e  ha  

ci ra e func ionaliza ion  rovides an effec ive s ra e y for  unin  Au nano ar icle  row h 

 hrou h in erfacial re ula ion. The resul in  con rol over nano ar icle size and dis ersion is 

ex ec ed  o enhance  he availabili y of surface-accessible ac ive si es and  hereby influence  he 

ca aly ic behavior of Au/HA -based ca alys s. 

The combined XRD, XPS and TEM resul s  herefore es ablish a clear s ruc ure– ro er y 

rela ionshi  in which ci ra e-media ed surface en ineerin  con rols bo h  he nuclea ion kine ics 

and  he elec ronic environmen  of su  or ed Au nano ar icles. Such simul aneous re ula ion of 



 ar icle dis ersion and me al–su  or  in erac ions is ex ec ed  o direc ly influence oxy en 

ac iva ion and  he ca aly ic oxida ion of benzyl alcohol, as discussed in  he followin  sec ion. 

  

 ig.  :  EM  i rographs of  u    p   Cit  :  a     ;        ;         and  d     

 

Fig. 6: Proposed mechanism of gold nanoparticles reduction 

4.  ol ent free  enz l al ohol o idation 

4.1.Effe t of   p Cit  olar ratio 
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The ca aly ic ac ivi y of  he Au/(HA )5(Ci )x ma erials was inves i a ed in  he aerobic oxida ion 

of benzyl alcohol  o assess  he effec  of ci ra e func ionaliza ion on ca alys   erformance. Time–

conversion  lo s were recorded and are  resen ed in  ig.  .  

 

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, PO2 
= 5 bars 

The kine ics of benzyl alcohol oxida ion reveal a  ronounced de endence of ca aly ic ac ivi y 

on  he de ree of ci ra e func ionaliza ion of  he hydroxya a i e su  or . All ca alys s exhibi  a 

mono onic increase in conversion wi h reac ion  ime under condi ions of excess molecular 

oxy en. More im or an ly, ci ra e incor ora ion sys ema ically enhances  he ca aly ic 

 erformance, al hou h  he ac ivi y does no  scale linearly wi h ci ra e loadin , indica in  a 

com lex in er lay be ween nano ar icle s abiliza ion, surface accessibili y, and me al–su  or  

in erac ions. 

4.2.Kineti  e aluation of  u    p   Cit    atal sts in the aero i  o idation of  enz l 
 l ohol 

Kine ic evalua ion of Au/(HA )5(Ci )x ca alys s in  he aerobic oxida ion of benzyl alcohol 

revealed  ha   he reac ion follows a firs -order de endence on subs ra e concen ra ion   ig.  6 . 

 n  he  resen  s udy,  he ra e ex ression for  his sys em can be formula ed as: 
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࢜ = ࢑ × ࢻ૛ࡻࡼ ×  (9)    ࢼ[ࡴࡻࢠ࡮]

where v is  he ra e of benzyl alcohol, k  he ra e cons an , PO2  he  ressure of oxy en, [BzOH] 

 he concen ra ion of benzyl alcohol, a and b  he  ar ial orders in O2 and BzOH res ec ively. 

The O2  ressure is in excess;  he Eq.   can be sim lified by Eq.  :  ࢜ = ࢑ × ࢻ૛ࡻࡼ × ࢼ[ࡴࡻࢠ࡮] ࢖࢖ࢇ࢑ = ×  (10)        ࢼ[ࡴࡻࢠ࡮]

The kine ic da a were linear fi  ed usin  a  seudo-firs -order model: ࢔࢒ ࢏[ࡴࡻࢠ࡮]࢚[ࡴࡻࢠ࡮] = ࢖࢖ࢇ࢑− × ࢚         (11) 

 where [ܪܱݖܤ]௧ is  he benzyl alcohol concen ra ion (mol L-1) a   ime  , [ܪܱݖܤ]௜ is benzyl 

alcohol concen ra ion (mol L-1) a  ini ial  ime ( =0), and ka   is  he a  aren  ra e cons an  (min-

1). The fi  in  resul s,  he corres ondin  conversion values and  urnover frequencies (TOF) are 

summarized in  a le  . S a is ical error func ions such as MSE, RSME and RMPD (%) in  he 

 seudo-firs  order kine ic modelin  of benzyl alcohol oxida ion were de ermined usin   he 

equa ions: ܧܵܯ = 1ே∑ ݈ܽݐ݊݁݉݅ݎ݁݌ݔ݁) − 2ே௜=1(݀݁ݐ݈ܽݑ݈ܿܽܿ                               (12)  

ܧܵܯܴ = √1ே∑ ݈ܽݐ݊݁݉݅ݎ݁݌ݔ݁) − 2ே௜=1(݀݁ݐ݈ܽݑ݈ܿܽܿ                            (13) 

ܦܴܲܯ = 100ே ∑ |௘௫௣௘௥௜௠௘௡௧௔௟−௖௔௟௖௨௟௔௧௘ௗ௘௫௣௘௥௜௠௘௡௧௔௟ |௡௜=1                                        (14) 

The ca aly ic  erformance of Au/(HA )5(Ci )x ca alys s was evalua ed in  he solven -free 

aerobic oxida ion of benzyl alcohol under mild reac ion condi ions (Fi . 7). The ci ra e-free 

Au/HA  ca alys  exhibi ed a benzyl alcohol conversion of 60% wi h a  urnover frequency 

(TOF) of 149.68 h-1, in a reemen  wi h  he ac ivi y  enerally re or ed for su  or ed Au ca alys s 

under com arable aerobic oxida ion condi ions [39]. Pro ressive ci ra e func ionaliza ion 

markedly im roved  he ca aly ic  erformance, demons ra in   ha  surface en ineerin  of  he 

HA  su  or  s ron ly influences  he reac ivi y of su  or ed Au nano ar icles. 

 n roducin  a low ci ra e loadin  (x = 1) increased  he conversion  o 66%, while  he TOF rose 

shar ly  o 250.74 h-1. This si nifican  enhancemen  canno  be solely a  ribu ed  o  he amoun  

of de osi ed  old, which remains nearly cons an , bu  is more likely associa ed wi h  he 

im roved dis ersion of Au nano ar icles evidenced by XRD and TEM  o e her wi h  he 

modified in erfacial elec ronic environmen  revealed by XPS. The coordina ion of ci ra e 

molecules  o surface Ca²⁺ si es is ex ec ed  o  enera e a lar er number of homo eneous 

nuclea ion cen ers, leadin   o a hi her densi y of accessible Au nano ar icles and a s ron er 

me al–su  or  in erac ion. Fur her increasin   he ci ra e con en   o x = 2 resul ed in a conversion 



of 84%, whereas  he TOF sli h ly decreased  o 229.68 h-1. Al hou h  he hi her conversion 

reflec s  he lar er  o ula ion of ca aly ically accessible Au nano ar icles,  he small decrease in 

in rinsic ac ivi y su  es s  ha  increasin  ci ra e covera e may  ro ressively modify  he local 

environmen  of surface Au a oms. Such behavior is consis en  wi h li and-modified su  or ed 

ca alys s, where surface or anic s ecies simul aneously s abilize me allic nano ar icles and 

 ar ially influence  he adsor  ion s ren  h of reac an s or reac ion in ermedia es. Never heless, 

 he overall ca aly ic  erformance remains su erior  o  ha  of  he ci ra e-free ca alys , indica in  

 ha   he beneficial effec  of im roved Au dis ersion ou wei hs any sli h  decrease in in rinsic 

si e ac ivi y. The Au/(HA )5(Ci )4 ca alys  exhibi ed  he hi hes  ca aly ic  erformance, reachin  

99% benzyl alcohol conversion  o e her wi h a TOF of 401.05 h-1. This remarkable 

im rovemen  correla es well wi h  he  hysicochemical charac eris ics es ablished by XRD, 

BET, XPS and TEM analyses, includin   he absence of de ec able crys alline Au domains,  he 

hi hes  s ecific surface area,  he lar es  Au/Ca surface ra io, and  he homo eneous dis ersion 

of small Au nano ar icles. These resul s demons ra e  ha  ci ra e func ionaliza ion 

simul aneously re ula es  he nuclea ion, s abiliza ion and elec ronic environmen  of su  or ed 

Au nano ar icles,  enera in  an o  imized Au–HA  in erface for ca aly ic oxida ion. Overall, 

 he ca aly ic resul s es ablish a clear s ruc ure–ac ivi y rela ionshi  in which ci ra e ac s as an 

in erfacial en ineerin  a en  ra her  han a sim le s abilizin  li and. By coordina in  surface 

Ca2+ si es, ci ra e modifies  he surface chemis ry of hydroxya a i e,  romo es homo eneous Au 

nuclea ion, su  resses nano ar icle coalescence and enhances  he ex osure of ca aly ically 

accessible Au si es. The su erior ac ivi y of Au/(HA )5(Ci )4  herefore ori ina es from  he 

syner is ic con ribu ion of im roved nano ar icle dis ersion, o  imized me al–su  or  

in erac ions and  he  ailored surface environmen  crea ed by ci ra e func ionaliza ion [40].  

 a le  : Kineti  anal sis and Catal ti  properties of  u    p   Cit    atal sis 

Au/(HAp)5(Cit)x x=0 x=1 x=2 x=4 

R2 0.987 0.998 0.998 0.995 

kapp10-3 (min-1) 
 

12.7 15.3 22.7 57.8 

Conversion * (%) 60 ±2 66±3 83±2 99±1 

TOF (h-1)**  149.68 250.74 229.68 401.05 

M E 10-4 410-4 210-4 10-4 

 M E 0.01 0.02 0.01 0.01 

M PD     2.23 5.20 2.52 1.46 



4.3. Effe t of  itrate fun tionalization on  enzaldeh de sele ti it  

 The evolu ion of benzaldehyde selec ivi y as a func ion of ci ra e loadin  and reac ion  ime is 

 resen ed in Fi . 8. Durin   he ini ial s a e of  he reac ion (u   o 45 min), all Au/(HA )5(Ci )x 

ca alys s exhibi  hi h selec ivi y  oward benzaldehyde, indica in   ha   he ci ra e-modified 

ca alys s efficien ly  romo e  he selec ive oxida ion of benzyl alcohol while limi in  

consecu ive oxida ion reac ions under modera e conversion levels. However, a  ex ended 

reac ion  imes, a si nifican  decrease in benzaldehyde selec ivi y is observed for  he hi hly 

ci ra e-func ionalized ca alys s. For x = 2 and 4,  he selec ivi y decreases  o 28% and 8%, 

res ec ively, af er 60 min. This behavior su  es s  ha   he enhanced ac ivi y associa ed wi h 

ci ra e func ionaliza ion accelera es no  only  he ini ial oxida ion of benzyl alcohol  o 

benzaldehyde bu  also  he subsequen  oxida ion of benzaldehyde in o benzoic acid when 

benzaldehyde accumula es in  he reac ion medium.  n con ras ,  he ci ra e-free and low-ci ra e 

ca alys s (x = 0 and 1) main ain hi h benzaldehyde selec ivi y (96–97%)  hrou hou   he 

reac ion, which can be a  ribu ed  o  heir lower in rinsic oxida ion ra es and reduced availabili y 

of hi hly ac ive si es res onsible for consecu ive oxida ion. These resul s demons ra e  ha  

ci ra e incor ora ion modula es bo h ca aly ic ac ivi y and  roduc  dis ribu ion, wi h  he o  imal 

ca aly ic behavior requirin  a balance be ween sufficien  in erfacial ac iva ion of 

oxy en/subs ra e molecules and con rolled ex osure of hi hly reac ive Au si es. Therefore, 

ci ra e loadin  and reac ion  ime re resen  com lemen ary  arame ers for  unin  benzaldehyde 

 roduc ivi y and selec ivi y. These resul s indica e an ac ivi y–selec ivi y  rade-off: hi her 

conversion is accom anied by increased consecu ive oxida ion of benzaldehyde  o benzoic acid 

durin  ex ended reac ion  imes. 

 

Fig. 8: Effect of time reaction in the Bz-COH selectivity 
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4.4.  e   la le  atal sts  u    p   Cit   
The recyclabili y of  he  u    p   Cit   ca alys s was evalua ed over four consecu ive 

oxida ion cycles  o assess  heir o era ional s abili y under  he reac ion condi ions. While 

 u    p   Cit   exhibi ed a sli h  decline in benzyl alcohol conversion,  he  u    p   Cit   

and  ar icularly  u    p   Cit   ca alys s re ained nearly cons an  ca aly ic ac ivi y, 

hi hli h in   he beneficial role of ci ra e func ionaliza ion in im rovin  ca alys  durabili y   ig. 

  .  

 

Fig. 9: Conversion stability of the catalysts over recycling cycles 

This enhanced s abili y is a  ribu ed  o  he s ron er in erfacial in erac ions es ablished be ween 

 he ci ra e carboxyla e  rou s, surface Ca2+ si es, and Au nano ar icles, which  rovide effec ive 

anchorin  si es  ha  su  ress nano ar icle mi ra ion and a  re a ion durin  ca alysis. This 

in er re a ion is su  or ed by  he XRD, TEM micro ra hs and N2 adsor  ion-desor  ion of  he 

recycled ca alys s   ig.    .  
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Fig. 10: Effect of Au/(HAp)5(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. 

Af er four ca aly ic cycles,  he BET surface area decreased from 130  o 83 m2  -1, accom anied 

by a reduc ion in  ore volume from 0.48  o 0.38 cm3  -1 and a sli h  increase in  he avera e 

 ore diame er. Similar  ex ural chan es have frequen ly been re or ed for su  or ed noble-

me al ca alys s af er re ea ed oxida ion reac ions, where modera e decreases in BET surface 

area are  enerally associa ed wi h  ar ial  ore blocka e by s ron ly adsorbed reac ion 

in ermedia es or  roduc s ra her  han irreversible colla se of  he  orous framework [33, 41].  n 

 he  resen  s udy,  his in er re a ion is su  or ed by  he unchan ed XRD  a  erns, which 

confirm  he  reserva ion of  he crys alline hydroxya a i e s ruc ure and  he absence of 

de ec able Au crys al  row h. Moreover,  os -reac ion TEM ima es show  ha   he Au 

nano ar icles remain uniformly dis ersed over  he HA  su  or  wi hou  no iceable 
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a  re a ion, confirmin   ha   he decrease in BET surface area does no  ori ina e from 

nano ar icle sin erin  bu  ra her from a sli h  reduc ion in  ore accessibili y. Overall,  hese 

com lemen ary charac eriza ions demons ra e  ha   he ca alys  re ains i s s ruc ural in e ri y and 

excellen  mor holo ical s abili y  hrou hou   he recyclin   rocess. 

4.5.Effe t of storage ti e and  a    regeneration treat ent 

The lon - erm s abili y of ci ra e-func ionalized Au/(HA )5(Ci )x ca alys s was evalua ed by 

 erformin  benzyl alcohol oxida ion af er 12 mon hs of s ora e under ambien  condi ions 

( a le  ). Com ared wi h  he freshly  re ared ca alys s, all a ed ma erials exhibi ed a 

si nifican  decrease in ca aly ic ac ivi y, demons ra in   ha   rolon ed s ora e induces 

modifica ions of  he ac ive ca aly ic in erface.  

Table 4: Catalytic properties for Au/(HAp)5(Cit)x after 12 months 

 

 u    p   Cit   
Con ersion a  

    
 O     

  h-   
 u     

    
 uO     

    

    37 (66) * 217.00 79 21 

    53 (84) * 51.94 61 39 

    60 (99) * 129.10 65 35 

 a determined after 3 hours;     calculated after 15 min;    determined by XPS ()* After 

regeneration 

The Au/(HA )5(Ci )4 ca alys , which exhibi ed  he hi hes  ini ial ac ivi y, showed a decrease in 

benzyl alcohol conversion from 99  o 60%, accom anied by a decrease in TOF from 401  o 129 

h-1. Similar ac ivi y losses were observed for ca alys s con ainin  lower ci ra e con en s, 

al hou h  he ex en  of deac iva ion varied de endin  on  he ini ial surface environmen . These 

resul s indica e  ha   he ci ra e-modified Au/HA  in erface, while hi hly effec ive for  romo in  

Au dis ersion and ca aly ic ac ivi y, remains sensi ive  o surface evolu ion durin  lon - erm 

s ora e. XPS analysis  rovides im or an  insi h s in o  he ori in of  his deac iva ion ( ig.    
and  ig.   ). Af er a in , an increased con ribu ion of oxidized  old s ecies (Auδ+) is observed, 

reachin  u   o 39%,  o e her wi h a decrease in  he rela ive amoun  of me allic Au⁰. This 

evolu ion su  es s a  ar ial modifica ion of  he elec ronic s a e of surface  old a oms durin  

s ora e, likely induced by in erac ions wi h surface oxy ena ed s ecies, hydroxyl  rou s, or 

rearran emen  of ci ra e-derived in erfacial s ecies [42]. Since me allic Au0 si es are  enerally 

associa ed wi h alcohol ac iva ion, such elec ronic modifica ion may reduce  he availabili y of 

ca aly ically favorable si es and al er  he reac ion  a hway.  n addi ion  o elec ronic chan es, 



TEM analysis reveals modifica ions in  he dis ersion s a e and mor holo y of  old 

nano ar icles af er a in  ( igs  8–  ). These s ruc ural rearran emen s may fur her con ribu e 

 o  he loss of ca aly ic efficiency by decreasin   he number of accessible Au ac ive si es and 

modifyin   he me al–su  or  in erface. These s ruc ural rearran emen s may fur her con ribu e 

 o  he loss of ca aly ic efficiency by decreasin   he number of accessible Au ac ive si es and 

modifyin   he me al–su  or  in erface. Such deac iva ion  a hways, involvin  nano ar icle 

res ruc urin , loss of dis ersion and chan es in  he elec ronic s a e of surface  old s ecies, have 

been widely re or ed for su  or ed  old ca alys s [43–45]. Moreover, ca alys  a in  also 

influences  roduc  selec ivi y. Whereas freshly  re ared Au/(HA )5(Ci )4  referen ially 

 romo es benzaldehyde forma ion, a ed ca alys s exhibi  increased benzyl benzoa e forma ion. 

This chan e su  es s  ha  modifica ion of  he Au oxida ion s a e and surface chemical 

environmen  affec s  he rela ive kine ics of  he com e in  oxida ion and cou lin   a hways. 

The increased frac ion of elec ron-deficien  Auδ+ si es and  he modified adsor  ion environmen  

may favor al erna ive  ransforma ions involvin  benzyl alcohol/benzaldehyde-derived 

in ermedia es, leadin   o enhanced es er forma ion [46, 47]. These observa ions hi hli h   he 

im or ance of main ainin  an a  ro ria e balance be ween me allic Au0 si es and in erfacial 

oxidized s ecies for con rollin  oxida ion selec ivi y.  

To evalua e  he reversibili y of  he observed deac iva ion,  he a ed ca alys s were subjec ed  o 

a mild NaBH4 re enera ion  rea men . Remarkably,  he ca aly ic ac ivi y and benzaldehyde 

selec ivi y were si nifican ly recovered af er reduc ion, demons ra in   ha   he loss of 

 erformance is si nifican ly influenced by reversible surface chemical modifica ions ra her 

 han irreversible s ruc ural de rada ion. The re enera ion effec  can be a  ribu ed  o  he 

res ora ion of me allic Au⁰ si es and  he removal or  ransforma ion of surface oxy ena ed 

s ecies  ha   ar ially block ac ive si es [47–49]. Overall,  hese resul s demons ra e  ha  ci ra e 

func ionaliza ion  rovides hi hly ac ive Au/HA  ca alys s bu   ha  lon - erm  erformance 

de ends cri ically on  he  reserva ion of  he Au–ci ra e–HA  in erfacial s ruc ure. The 

reversible evolu ion of Au oxida ion s a e revealed here em hasizes  he im or ance of 

con rollin  me al–su  or  in erac ions and surface elec ronic  ro er ies for desi nin  durable 

su  or ed  old oxida ion ca alys s. 

 



 

  

Fig. 11: (A) IR-ATR (B) XPS spectra (C) HR-TEM micrographs for Au/(HAp)5(Cit)4 

after 12 months 

4.6.Effe t of palladiu  addition  Pd  on  u    p   Cit   in  enz l al ohol o idation 

The incor ora ion of Pd in o Au/(HA )5(Ci )x ca alys s markedly modifies bo h ca aly ic 

ac ivi y and  roduc  selec ivi y durin   he solven -free aerobic oxida ion of benzyl alcohol 

(Table 4). For Au/(HA )5(Ci )1 and Au/(HA )5(Ci )2, Pd addi ion increases  he benzyl alcohol 

conversion from 66 and 83%, res ec ively,  o com le e conversion under iden ical reac ion 

condi ions. Such a  ronounced enhancemen  is consis en  wi h  he syner is ic behavior widely 

re or ed for Au–Pd bime allic ca alys s, where  he in ima e in erac ion be ween bo h me als 

 enera es ac ive in erfacial si es exhibi in  hi her ca aly ic efficiency  han  he corres ondin  

monome allic coun er ar s [48, 49]. Al hou h  he  resen  charac eriza ion does no  allow  he 

individual roles of Au and Pd  o be unequivocally iden ified,  he im roved ac ivi y s ron ly 
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su  es s  ha  Pd modifies  he ca aly ic  ro er ies of Au  hrou h  eome ric and elec ronic 

effec s. The incor ora ion of Pd may al er  he elec ronic s ruc ure of nei hborin  Au a oms 

while simul aneously  enera in  new in erfacial si es ca able of  romo in  key elemen ary 

s e s involved in aerobic oxida ion. This in er re a ion is consis en  wi h  revious s udies 

showin   ha  Au–Pd alloys or closely con ac ed Au–Pd nano ar icles facili a e molecular 

oxy en ac iva ion and accelera e ca alys  re enera ion durin  alcohol oxida ion [50]. Beyond 

 he remarkable increase in ac ivi y, Pd incor ora ion subs an ially modifies  he reac ion 

selec ivi y. Whereas Au ca alys s  redominan ly  roduce benzaldehyde,  he corres ondin  Au–

Pd ca alys s  enera e com arable amoun s of benzaldehyde and benzoic acid, indica in   ha  

Pd no  only accelera es  he oxida ion of benzyl alcohol bu  also  romo es  he consecu ive 

oxida ion of benzaldehyde. This behavior su  es s  ha   he overall oxida ion  a hway is shif ed 

 oward dee er oxida ion once Pd is in roduced in o  he ca aly ic in erface. The enhanced 

forma ion of benzoic acid is likely associa ed wi h  he hi her oxida ion ca abili y of Au–Pd 

in erfacial si es  o e her wi h  he favorable adsor  ion environmen   rovided by  he ci ra e-

func ionalized HA  su  or  [51]. Under  hese condi ions,  he ra e of benzaldehyde oxida ion 

becomes com arable  o i s ra e of forma ion, leadin   o  he simul aneous  roduc ion of bo h 

oxida ion  roduc s. Such behavior illus ra es  he kine ic com e i ion be ween  he  wo 

consecu ive oxida ion s e s ra her  han a sim le chan e in ca alys  ac ivi y [52, 53]. 

Table 5: Effect of Pd addition in the catalytic performance 

   ele ti it       

Pd– u    p ₅ Cit ₓ Con ersion 
    

 zO   zCOO   i e 

    100 46 54 45 min 

    100 43 57 60 min 

    100 55 45 60 min 

4.7. Proposed rea tion path a s for  enz l al ohol o idation o er  u    p   Cit   
 atal sts 

The aerobic oxida ion of benzyl alcohol over su  or ed  old ca alys s is  enerally  ro osed  o 

 roceed  hrou h an oxy en-assis ed dehydro ena ion  a hway involvin   he ac iva ion of  he 

alcohol molecule on low-coordina ed Au si es. The ini ial in erac ion be ween benzyl alcohol 

and  he  old surface leads  o  he forma ion of surface benzyloxy in ermedia es (C₆H₅CH₂O*), 

which can under o fur her dehydro ena ion  o  roduce benzaldehyde. Under condi ions where 

 he oxida ion of  he in ermedia e is kine ically limi ed, benzaldehyde remains  he  redominan  

 roduc , ex lainin   he hi h aldehyde selec ivi y commonly re or ed for Au-based ca alys s 

under base-free or mildly basic condi ions. 



The subsequen  oxida ion of benzaldehyde  o benzoic acid occurs  hrou h  he forma ion of 

surface benzoa e s ecies  enera ed by  he in erac ion of benzaldehyde-derived in ermedia es 

wi h ac iva ed oxy en s ecies. This consecu ive oxida ion  a hway becomes increasin ly 

favorable when oxy en ac iva ion is enhanced or when  he ca alys  surface  rovides hi hly 

reac ive oxy en-con ainin  si es. Therefore, con rollin   he balance be ween alcohol ac iva ion, 

oxy en availabili y, and in ermedia e desor  ion is essen ial for achievin  hi h benzaldehyde 

selec ivi y.  n addi ion  o  he aldehyde and acid  a hways, benzyl benzoa e forma ion may occur 

 hrou h cou lin  reac ions involvin  benzyl alcohol-derived benzyloxy s ecies and 

benzaldehyde in ermedia es. Such side reac ions become more com e i ive when  he surface 

elec ronic  ro er ies, oxy en ac iva ion abili y, or in ermedia e adsor  ion s ren  h are 

modified. 

For  he ci ra e-func ionalized Au/(HA )5(Ci )x ca alys s,  he ca aly ic selec ivi y is  herefore 

ex ec ed  o de end on  he syner is ic effec s of  old nano ar icle dis ersion, Au oxida ion 

s a e, ci ra e-media ed in erfacial in erac ions, and  he acid–base  ro er ies of  he 

hydroxya a i e su  or . The ci ra e-modified in erface can re ula e bo h  he availabili y of 

ac ive Au si es and  he adsor  ion s ren  h of oxy ena ed in ermedia es,  hereby influencin   he 

com e i ion be ween benzaldehyde forma ion, fur her oxida ion  o benzoic acid, and cou lin  

 a hways leadin   o benzyl benzoa e ( ig.    . These considera ions hi hli h   he im or ance 

of con rollin   he Au–ci ra e–HA  in erfacial environmen   o  une ca aly ic ac ivi y and  roduc  

selec ivi y. 
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Fig. 12: Proposed mechanism of benzyl alcohol oxidation using fresh and reduced: (a) 

All catalysts, (b) Au/(HAp)5(Cit)x (c) Au/(HAp)5(Cit)x aged and (c) Pd1-Au2/(HAp)5(Cit)4 

4.8. Green  etri s and  atal ti  effi ien   

The ca aly ic  erformance of  he Au/(HA )5(Ci )x series im roves si nifican ly wi h increasin  

ci ra e con en    a le 6 . Mass  roduc ivi y (MP) increases  ro ressively from 57% for x = 0 

 o 95% for x = 4, while  he E-fac or, which ex resses  he amoun  of was e  enera ed rela ive  o 

 he mass of  he desired  roduc , decreases shar ly from 0.7  o 0.05. This inverse correla ion 

reflec s im roved overall oxida ion  rocess efficiency in  he  resence of ci ra e  rou s. 

Simul aneously, carbon efficiency (CE) increases from 59%  o 99%, indica in  near-com le e 

u iliza ion of  he carbon subs ra e and a si nifican  reduc ion in non- roduc ive side reac ions. 

These resul s hi hli h   he beneficial role of ci ra e  rou s in modula in   he  hysicochemical 

 ro er ies of ca alys s.  ndeed, ci ra e ac s as a mul iden a e li and ca able of simul aneously 

coordina in   he Ca2+ si es of hydroxya a i e and  old nano ar icles,  hus  romo in  

homo eneous me al dis ersion and s abilizin  ac ive si es. Fur hermore,  he carboxyla e and 

hydroxyl  rou s of ci ra es can facili a e  he ac iva ion of molecular oxy en and s abilize 

reac ion in ermedia es,  hereby accelera in   he ca aly ic cycle and im rovin   he selec ivi y of 

 he  rocess [54]. Similar effec s have been re or ed for  old ca alys s modified wi h carboxyla e 

li ands, where  he  resence of  hese surface s ecies  romo es elec ron  ransfer and main ains 

 he redox dynamics of  he ac ive si es. Thus,  he hi h  erformance of  he Au/(HA )5(Ci )4 

ca alys  (MP = 95%, E-fac or = 0.05, CE = 99%) can be a  ribu ed  o an o  imized elec ronic 

and s ruc ural environmen  induced by  he  resence of ci ra e, leadin   o efficien  oxida ion of 

 he subs ra e wi h minimal forma ion of by- roduc s and excellen  a om economy [55–57]. 

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

on hydroxyapatite 

 u    p   Cit   MP     E-fa tor 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. Con lusion 

This work es ablishes ci ra e-func ionalized hydroxya a i e as an effec ive su  or  for  he 

con rolled syn hesis of hi hly dis ersed Au nano ar icles, enablin   he selec ive aerobic 



oxida ion of benzyl alcohol under mild condi ions. Ci ra e  lays a dual role by re ula in  

nano ar icle dis ersion  hrou h s ron  me al–su  or  in erac ions and by enhancin  ca aly ic 

ac ivi y and  roduc  selec ivi y  oward benzaldehyde usin  molecular oxy en as  he sole 

oxidan , wi hou  added bases or s oichiome ric oxidan s. The combina ion of a biocom a ible, 

recyclable su  or  wi h an efficien  he ero eneous ca aly ic sys em hi hli h s  he  o en ial of 

ci ra e-en ineered hydroxya a i e as a sus ainable  la form for selec ive oxida ion chemis ry. 

Al hou h  reserva ion of  he me allic Au ac ive si es requires s ora e under a reducin  

a mos here  rior  o use,  he ca aly ic  rocess i self remains environmen ally beni n. More 

broadly,  his s ra e y  rovides a ra ional framework for en ineerin  me al–su  or  in erfaces 

 o develo  efficien  and sus ainable ca alys s for aerobic oxida ion reac ions. 
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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


    [ B z O H ]  t


    [ 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 |


  S e l e c t i v i t y   ( % )   =     [ P r o d u c t ] i   ∑  [ P r o d u c t ] × 100


  Y i e l d   ( % )   =   C o n v e r s i o n × s e l e c t i v i t y


  T O F   =     n u m b e r   o f   m o l   o f   B z O H   c o n v e r t e d  n u m b e r   o f   m o l   o f   g o l d × t i m e


  E − f a c t o r =     m a s s   o f   w a s t e  m a s s   o f   d e s i r e d   p r o d u c t


  M P  ( % ) =     m a s s   o f   d e s i r e d   p r o d u c t    m a s s   o f   a l l   u s e d   r e a g e n t × 100 =    1  M I × 100


  E − f a c t o r = M I − 1


  C E =   N u m b e r   o f   c a r b o n   a t o m s   ( p r o d u c t )  N u m b e r   o f   c a r b o n   a t o m s   ( r e a g e n t s )


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

