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Abstract
The development of environmentally sustainable catalytic reaction systems for the oxidation of organic compounds has 
gained significant interest, with widespread application across various industries. This study investigates the suitability of 
mesoporous silica nanoparticles, synthesized from coal fly ash, as catalyst supports in the oxidation of veratryl alcohol, a 
compound that serves as a model to mimic the oxidation behavior of lignin-derived structures commonly found in biomass 
waste. A Cu(II) salicylaldimine complex was employed as the catalyst, with tert-Butyl hydrogen peroxide as the oxidant. 
Silica catalyst supports were synthesized from coal fly ash derived  Na2SiO3 solutions. The effect of pre-dealumination of 
coal fly ash during  Na2SiO3 preparation, variation of the surfactant in silica nanoparticle synthesis, and storage conditions 
of the catalyst supports on the performance of the coal fly ash derived silica catalyst supports were evaluated and compared 
to the performance of MCM-41 and SBA-15. The textural properties of the coal fly ash derived silica catalyst supports were 
notably influenced by the choice of surfactant used during its synthesis, while storage conditions affected the abundance of 
silanol groups necessary for successful catalyst immobilisation.
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Highlights

• High-purity  SiO2 nanoparticle catalyst supports were 
produced from coal fly ash

• Fly ash derived catalyst supports can be applied in het-
erogeneous catalysis
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• The surfactant used during nano-SiO2 synthesis influ-
enced its textural properties

• The abundance of silanol groups affected the efficiency 
of catalyst immobilization

Statement of Novelty

We previously demonstrated the synthesis of amorphous 
mesoporous silica nanoparticles from sodium silicate solu-
tions which were prepared from a South African classified 
coal fly ash. In this paper, we assess the performance of 
these silica nanoparticles as heterogeneous catalyst sup-
ports and compare their performance to that of MCM-41 and 
SBA-15 in the oxidation of veratryl alcohol, using a Cu(II) 
salicylaldimine complex as catalyst. We report on the effect 
of pre-dealumination of coal fly ash during  Na2SiO3 prepara-
tion, the influence of silica nanoparticle storage conditions, 
and the effects of varying the surfactant during silica nano-
particle synthesis, on the performance of the coal fly ash 
derived catalyst supports. The utilization of these catalyst 
systems could significantly contribute to the development of 
cost-effective and sustainable processes for producing value-
added products from coal combustion residues and biomass.

Introduction

The design of environmentally friendly catalytic systems for 
the oxidation of organic compounds has gained significant 
interest and is being increasingly applied in various indus-
tries. Studied processes include the oxidation of hydrocar-
bons like ethylbenzene, cyclohexene, benzyl alcohol, styrene 
and veratryl alcohol, to produce valuable oxygenates such 
as acetophenone, benzaldehyde, benzoic acid, aldehydes, 
ketones and veratrylaldehyde [1–6]. Studies related to the 
oxidation of lignin, a major component of biomass waste, 
are essential for developing sustainable and environmentally 
friendly processes in industries such as biorefining, the pro-
duction of biofuel and renewable materials (e.g., bioplas-
tics), and the management of lignin-rich waste streams [7]. 
Veratryl alcohol (3,4-dimethoxy benzyl alcohol) is often 
used as model compound in laboratory studies to mimic 
the oxidation behaviour of lignin-derived structures [8–10]. 
Various catalytic systems have been studied in the litera-
ture for accelerating the oxidation of veratryl alcohol into 
veratrylaldehyde and/or veratric acid. [1, 3, 8–12]. Selectiv-
ity towards the formation of veratrylaldehyde is generally 
preferred due to its application in the food and fragrance 
industries [1, 10]. Many of the catalytic systems applied in 
the oxidation of veratryl alcohol have shown improved cata-
lytic activity and selectivity through immobilization of the 

catalyst on an inorganic support material, thereby creating 
a heterogeneous catalyst.

The published literature consistently highlights the advan-
tages of catalyst immobilization to include the enhancement 
of catalyst stability under various reaction conditions, lead-
ing to improved reusability over successive catalytic cycles 
as well as the facilitation of simple separation of the catalytic 
system from the reaction mixture, resulting in products of 
higher purity [13, 14]. Ordered mesoporous silica is widely 
recognized for its excellent performance as a catalyst sup-
port and is one of the most extensively used metal oxides 
in heterogeneous catalysis, primarily due to its favourable 
combination of textural properties (i.e., uniform pore sizes 
in the mesopore range (2–50 nm), high surface areas (~ 1000 
 m2 g), and large pore volumes (~ 1  cm3 g)) [15–17]. Their 
small particle sizes, high thermal and chemical resistance, 
along with excellent sorption properties arising from their 
large surface area and porous structure, make them highly 
suitable as catalyst supports. Among these, MCM-41 [18], 
MCM-48 [18], SBA-15 [19], and MCFs [20] have under-
gone extensive study for catalyst immobilization. Some of 
these mesoporous silica materials (e.g., MCM-41 and SBA-
15) are commercially available.

Jana et al. [21] reported the immobilization of Cu(II) 
salicylaldimine complexes on MCM-41 as catalyst for the 
oxidation of cyclohexene, using tert-Butyl hydrogen perox-
ide (TBHP) as an oxidant, resulting in good selectivity and 
yields. In a study by Malumbazo and Mapolie [22], Cu(II) 
and Co(II) salicylaldimine complexes were immobilized on 
MCM-41, SBA-15 and Davisil 710 and tested as catalysts for 
cyclohexene oxidation, utilizing hydrogen peroxide as the 
oxidant under an oxygen atmosphere. Their research inves-
tigated the impact of substituents on the salicylaldimine ring 
and the nature of the silica support on catalytic activity. The 
results highlighted the significant role played by the nature 
and physical properties of the catalyst support in the selec-
tivity of the reaction system. Kotzé and Mapolie [23] inves-
tigated the performance of Ru(II) complexes supported on 
MCM-41 and SBA-15 as catalyst precursors for the selective 
oxidative cleavage of 1-octene. The immobilized heteroge-
neous catalysts exhibited superior activity compared to their 
homogeneous counterparts and demonstrated control over 
the selective formation of aldehydes or carboxylic acids. The 
results obtained in the studies by Malumbazo [22] and Kotzé 
[23] stimulated our interest in the application of amorphous 
mesoporous silica nanoparticles produced from coal fly ash 
(CFA) as alternative catalyst support to the commercially 
available MCM-41 and SBA-15.

CFA is a by-product from the combustion of pulverised 
coal in thermoelectric power stations. In South Africa, 
only about 7% of the ca. 35 million tons of CFA produced 
annually is recycled, mainly in the cement and construc-
tion industry [24]. Given its high silicon (Si) and aluminium 
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(Al) content, CFA holds potential as a valuable secondary 
resource of purified silica and alumina. In our previous 
research, we successfully demonstrated the synthesis of 
amorphous mesoporous silica nanoparticles from  Na2SiO3 
solutions derived from a South African CFA sample [25]. 
We evaluated two methods for preparing  Na2SiO3 from 
CFA, with the aim to determine whether pre-treatment to 
remove the reactive aluminium from CFA is beneficial to 
silica nanoparticles synthesis. These  Na2SiO3 solutions were 
then employed as silica precursors in the synthesis of silica 
nanoparticles using a sol–gel method, resulting in silica 
nanoparticles with purities ranging between 98.8 and 99.3%.

In this paper, we assess the suitability and performance 
of the CFA-derived amorphous mesoporous silica nanopar-
ticles as heterogenous catalyst supports and compare their 
performance to that of MCM-41 and SBA-15 in the oxi-
dation of veratryl alcohol, using a Cu(II) salicylaldimine 
complex as catalyst. Specific objectives were to

 (i) Determine whether pre-dealumination of the CFA 
during  Na2SiO3 preparation influences the perfor-
mance of the CFA-derived catalyst support.

 (ii) Investigate the effect of varying the surfactant on the 
physical properties of CFA-derived catalyst supports.

 (iii) Study the influence of storage conditions on the per-
formance of the CFA-derived catalyst supports.

 (iv) Examine the effects of varying the surfactant during 
silica nanoparticle synthesis on the performance of 
the CFA-derived silica catalyst supports.

To our knowledge, the application of CFA-derived silica 
nanoparticles as catalyst supports has not been reported 
before.

Experimental

Materials

A representative sample of a classified, ultrafine siliceous 
CFA sample was obtained from Ash Resources (Pty) Ltd. 
This commercial-grade CFA is air-classified on site and 
is specified to have a mean particle size between 3.9 and 
5.0 μm, with more than 90% of the volume distribution of 
its particles having a diameter smaller than 11 μm. The CFA 
sample was sub-divided using a rotary splitter to obtain rep-
resentative homogeneous sub-samples.

Deionised water (analytical grade, electrical conductiv-
ity < 1 μS  cm−1) was used for all experiments.  H2SO4 (ana-
lytical grade, 98% w/w), polyethylene glycol (PEG, 6000), 
barium chloride (analytical grade), sodium lauryl sulphate 
(SLS, analytical grade) and cetyl pyridinium chloride (CPC, 
analytical grade) were obtained from Merck, South Africa. 

The NaOH solution (analytical grade, 50.0% w/w) and 
n-butanol (analytical grade) were obtained from Radchem, 
South Africa. Cetyl-trimethyl bromide (CTAB, analytical 
grade) was obtained from Minema, South Africa. Acetoni-
trile, toluene, dichloromethane, methanol, veratryl alcohol 
and tert-Butyl hydrogen peroxide (TBHP) were obtained 
from Sigma-Aldrich. Toluene and DCM were purified using 
a Pure Solv™ micro solvent purifier fitted with activated alu-
mina columns. Methanol, acetone and ethanol were purified 
by distillation over magnesium filings and iodine. Acetoni-
trile was purified by distillation over phosphorous pentoxide.

Preparation of CFA‑Derived Sodium Silicate Solutions 
(Salk‑sq and Salk‑d)

CFA was subjected to two distinct leaching processes 
in order to prepare  Na2SiO3 solutions of different grades 
(Fig. 1). Process 1 was a two-stage sequential acid-alkaline 
leaching process (SAAL) which involved (i) a  H2SO4 leach-
ing step for the preferential extraction of Al over Si, fol-
lowed by (ii) the preferential extraction of Si over Al from 
the resulting residues using NaOH. Process 2 was a direct 
alkaline leaching (DAL) process, which consisted of a 
single-stage elemental extraction from CFA using NaOH, 
i.e. without the preceding acid leaching step used in SAAL. 
These leaching procedures and subsequent characterisation 
of the sodium silicate solutions were detailed earlier [25].

Preparation of Silica Catalyst Supports (SiSAAL, SiDAL, 
SiCTAB, SiCPC, SiSLS, SiPEG, MCM‑41 and SBA‑15)

Silica catalyst supports were prepared from the CFA-
derived sodium silicate solutions via a sol–gel method as 
previously described [25]. 20 ml of a 3% w/w surfactant 
solution was sonicated in a 20 Hz ultrasonic water bath 
at 55 °C for 30 min. 80 ml of sodium silicate solution, 
equilibrated at 55 °C, was slowly added to the surfactant 
solution in the ultrasound bath while monitoring the pH 
of the solution. To initiate the hydrolysis-condensation 
reaction, 0.5 M  H2SO4 was gradually added to the sodium 
silicate solution until a pH of 4 was reached; sonication 
was continued for another 30 min. The resulting gel mix-
ture was aged overnight at 55 °C in a laboratory oven after 
which the wet gel silica slurry was separated from the 
mother liquor by centrifugation. The gel was thoroughly 
washed with deionised water to remove any remaining  Na+ 
and  SO4

2− ions. Several successive washing cycles were 
performed to ensure the removal of  SO4

2− ions while using 
 BaCl2 to test for the presence of  SO4

2− ions in the washing 
water. This was followed by centrifugation and vacuum-
filtration. The resulting filtration cake was distilled using 
100 ml n-butanol for 2 h, followed by overnight drying at 
120 °C. The resultant powders were subsequently calcined 
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in a laboratory furnace at 650 °C for 2 h (SLS and PEG) or 
3 h (CTAB and CPC) to remove the remaining surfactant 
and n-butanol. When silica samples prepared from CTAB 
and CPC were heat-treated at 650 °C for 2 h, a greyish 
coloured powder was obtained, indicating that small traces 
of surfactant were remaining in the product. By extending 
the heat treatment at 650 °C to 3 h, a pure white coloured 
powder was obtained.

The effect of pre-dealumination of CFA during the prepa-
ration of sodium silicate solutions was assessed by compar-
ing the properties of the silica catalyst supports synthesized 
from  Salk-sq and  Salk-d, which were derived from the SAAL 
and DAL processes, respectively (Fig. 1). This analysis was 
carried out using only PEG as the surfactant. The resultant 
silica powders were stored under inert conditions until their 
application as catalyst supports. These solid products were 
labelled  SiSAAL and  SiDAL respectively.

To investigate the effect of varying the surfactant on 
the properties of silica catalyst supports obtained from 
CFA, the above synthesis method was repeated using dif-
ferent surfactants (CTAB, CPC, SLS and PEG) from the 
 Na2SiO3 solution prepared via the SAAL method  (Salk-sq). 
This  Na2SiO3 solution was selected since it resulted in the 
formation of silica nanoparticles of higher purity [25]. The 
resultant silica powders were stored under ambient condi-
tions until their application as catalyst supports. The solid 
products were labelled  SiCTAB,  SiCPC,  SiSLS and  SiPEG, 
respectively.

MCM-41 [26] and SBA-15 [19] were synthesized accord-
ing to previously reported procedures.

Synthesis of Functionalized 
2‑(3‑Triethoxysilanepropyliminomethyl)‑Phenol 
Ligand

Synthesis and characterisation of the functionalized 
2-(3-triethoxysilanepropyliminomethyl)-phenol ligand was 
reported before [22, 27, 28]. All procedures were carried 
out under inert conditions using dry nitrogen and utilization 
of standard Schlenk techniques. Salicylaldehyde (5 mmol, 
0.611 g) and 3-aminopropyl-triethoxysilane (5 mmol, 1.10 g) 
were dissolved in dry THF (6 ml) in a 10 ml microwave reac-
tor tube. A small amount of  MgSO4 was added to the tube. 
This was allowed to react in a microwave reactor for 10 min 
under a nitrogen atmosphere at 100 W while maintaining 
a constant temperature of 80 °C. After the allotted time, a 
bright yellow solution was obtained and filtered to remove 
the  MgSO4. The solvent was removed under reduced pres-
sure and a yellow oil was obtained (1.66 g, 78%). Char-
acterization was achieved by 1H NMR and FT-IR (ATR) 
spectroscopy.

Characterisation of functionalized ligand: Yellow 
oil, yield 78%. FT-IR, ʋ/cm−1: 1631 (Imine, HC = N), 
1077 (Si–O), 755 (Si–O). 1H NMR (400 MHz,  (CDCl3)): 
δ (ppm) = 13.97  (HAr-OH,s, 1H), 8.67  (Himine, s, 1H), 
7.66–7.61  (HAr-H, m, 1H), 7.58  (HAr-H, dd, 1H,3JH-H = 7.6 

Fig. 1  Process flow diagrams 
for the preparation of silica 
catalyst supports from CFA 
derived sodium silicate solu-
tions
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Hz,4JH-H = 1.7 Hz), 7.29  (HAr-H, d, 1H,3JH-H = 8.3 Hz), 7.20 
 (HAr-H, td, 1H,3JH-H = 7.6 Hz,4JH-H = 1.1 Hz), 3.93 (propyl 
N-CH2, td, 2H,3JH-H = 6.8 Hz,4JH-H = 1.1 Hz), 2.21–2.12 
(propyl  CH2-CH2-CH3-Si, m,3JH-H = 8 Hz, 2H), 1.05–1.01 
(propyl  CH2-CH2-CH2-Si, m, 2H), 4.17 (Si–O-CH2-CH3, q, 
6H,3JH-H = 7.0 Hz),1.57 (Si–O-CH2-CH3, t, 9H,3JH-H = 7.0 
Hz).

Synthesis of Functionalized 
2‑(3‑Triethoxysilanepropyliminomethyl)‑Phenolato 
Cu (II) Complex

The 2-(3-triethoxysilanepropyliminomethyl)-phenol 
ligand (1.00 mmol, 0.326 g) was dissolved in dry ethanol 
(5 ml), which resulted in a yellow solution. Cu(OAc)2H2O 
(0.501 mmol, 0.100 g) was added to the solution containing 
the ligand, which resulted in a green reaction mixture. The 
reaction mixture was stirred for 3 h under nitrogen at 80 °C. 
The solvent was removed in vacuo and a green crude powder 
was obtained. The green crude product was purified by redis-
solving it in dry dichloromethane (5 ml) after which it was 
syringe filtered. The solvent was removed from the filtrate 
in vacuo and a green powder was obtained (0.211 g, 60%).

Characterisation of functionalized Cu(II) complex: 
Green solid, yield 60%. FT-IR, ʋ/cm−1: 1620 (C = N), 
1047 (Si–O), 755 (Si–O). Elemental Analysis (%): Calc. 
For  C32H52N2O8Si2 Cu· (712.48 g/mol): C, 53.29; H, 7.36; 
N, 3.93; Found: C, 53.71; H, 6.99; N, 3.91. Melting Point: 
236–239 ˚C.

Preparation of Immobilized Catalysts (CuSAAL, CuDAL, 
CuCTAB, CuCPC, CuSLS, CuPEG, CuMCM‑41, and CuSBA‑15)

The general reaction scheme for preparation of the immo-
bilized catalysts is shown in Fig. 2. Silica powder (1.00 g 

 SiSAAL,  SiDAL  SiCTAB,  SiCPC,  SiSLS,  SiPEG, MCM-41 or 
SBA-15) was suspended in dry toluene (10 ml), which 
resulted in a white slurry. To this solution, 0.1 g of func-
tionalized complex was added which then resulted in a 
green reaction mixture. This reaction mixture was stirred 
at 110 °C for 24 h. After the allotted time, the green reac-
tion mixture was left to cool to room temperature. The 
mixture was then filtered and washed consecutively with 
dry methanol (5 × 15 ml). The solid was dried in vacuo 
at 60 °C for 5 h and a light green powder was obtained. 
The products were labelled  CuSAAL,  CuDAL,  CuCTAB,  CuCPC, 
 CuSLS,  CuPEG,  CuMCM-41, and  CuSBA-15, respectively.

Oxidation of Veratryl Alcohol

Veratryl alcohol (0.168 g, 1.0 mmol) was dissolved in 
dry acetonitrile (10  ml) using a parallel reactor tube. 
The immobilized catalyst (8.13  mg, 0.025  mmol, 
2.0 mol %) was added to the solution and sodium hydrox-
ide (0.2 mmol, 2 M, 100 μl) was added to the tube. tert-
Butyl hydrogen peroxide was added using appropriate 
ratios (substrate:oxidant). Addition of TBHP resulted in 
a white precipitate forming. The reaction mixture was 
stirred at 25 °C for 6 h and a green reaction mixture was 
observed. After the allotted time, the reaction reactor tube 
was quenched in ice-cold water followed by the addition 
of a small amount of  MgSO4. Thereafter, the mixture 
was filtered, and quantitative analysis of the filtrate was 
performed using gas chromatography (GC-FID) using 
p-Xylene as internal standard. The general reaction scheme 
for oxidation of veratryl alcohol is indicated in Fig. 3.

Fig. 2  Preparation of immobi-
lized catalysts
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Recycling Experiments

Recycling of the catalysts was performed after each of the 
catalytic runs. This entailed subjecting the reaction mixture 
to centrifugation to isolate the catalysts. The supernatant 
was decanted leaving the green catalyst material. 5 ml of dry 
methanol was used to wash the solid to remove any residual 
product that remained after the centrifuge process. The cata-
lyst suspension in methanol was once again centrifuged at 
6000 rpm for an additional 10 min. The resulting supernatant 
was discarded, and the solid green residue catalyst was dried 
in vacuo for 6 h and then reused in the next catalytic run. 
The catalysts were recycled for five subsequent runs.

Sample Characterisation Techniques

Detailed descriptions of the sample characterisation tech-
niques applied in this study were reported previously 
[25, 29]. The elemental composition of the CFA sam-
ple was determined by XRF fused bead analysis using an 
ARL9400XP + XRF spectrometer, Thermo ARL, Switzer-
land. A glass disk was prepared by fusing a mixture of 1 g 
CFA with 6 g of  Li2B4O7 at 1000 °C. The silica catalyst sup-
ports were prepared as pressed powders prior to XRF analy-
sis. The mineralogy of CFA and the silica catalyst supports 
was determined using XRD. XRD patterns were collected 
from on a PANalyticalX’Pert Pro powder diffractometer 
with X’Celerator detector and variable divergence and fixed 
receiving slits with Fe filtered Co-Kα radiation, operated at 
40 kV. The phases were identified using X’PertHighscore 
plus software. The relative phase amounts were estimated 
using the Rietveld method (Autoquan Program). Twenty 
percent silicon (Aldrich 99% pure) was also added to each 
sample for the determination of amorphous content. The 
samples were micronized in a McCrone micronizing mill 
and prepared for XRD analysis using a back loading prepa-
ration method.

A Zeiss Ultra SS (Germany) FESEM, operated at an 
acceleration voltage of 1 kV, was used under dry high-vac-
uum condition to observe the morphology of the silica cata-
lyst supports. The powder was mounted on a double-sided 
carbon tape by dipping carbon stubs into the samples. Excess 
material was removed by gentle blowing with compressed 
nitrogen. The sample was sputter-coated with carbon in an 
Emitech K550X (Ashford, England). A JEOL JEM 2100F 
TEM was used to study the topography of the silica catalyst 
supports. The samples were first dispersed in 100% ethanol 
with the aid of sonication. A drop of the diluted suspension 
was poured onto a copper grid, which was then placed into 
the sample injection holder for analysis.

A TriStar II surface area and porosity analyser (Micromer-
itics, USA) was used with nitrogen gas as adsorbent to deter-
mine the bulk surface area by the Brunauer-Emmet-Teller 

(BET) theory. The samples were degassed at 300 °C for 3 h 
before performing the gas adsorption tests.

Catalytic reactions were conducted using a Radleys 
12-stage carrousel parallel reactor equipped with an oxygen 
gas distribution system (Online Resource 1, Fig. S1). Quan-
titative and qualitative analysis were performed on a Varian 
3900 gas chromatograph containing a Cyclosil-β column 
(30 m × 0.25 mm × 0.25 � m) equipped with a flame ionisa-
tion detector (GC-FID), using p-xylene as internal standard.

Results and Discussions

Characterization of Untreated CFA and Composition 
of CFA‑Derived Sodium Silicate Solutions

The chemical compositions of CFA and the CFA-derived 
sodium silicate solutions  (Salk-sq and  Salk-d) obtained from the 
two extraction processes (SAAL and DAL) were reported in 
detail previously [25]. The CFA sample contained mainly 
 SiO2 (51.5),  Al2O3 (33.6), CaO (5.2),  Fe2O3 (3.4),  TiO2 
(1.9), MgO (1.0) and  K2O (1.0%); all reported as mass per-
centages. Its mineralogy consisted of an amorphous alumina 
silica glass phase (64.2% m/m) and two crystalline phases, 
mullite (28.5% m/m) and quartz (7.2% m/m).

The two CFA-derived sodium silicate solutions exhibited 
similar Si (10.3 g/L) and Na (188 g/L) content, but their Al 
content differed greatly [25]. Incorporation of a dealumina-
tion step, accomplished through acid pre-leaching during 
the SAAL process, yielded a sodium silicate solution with 
significantly lower Al content (< 0.2 g/L for  Salk-sq vs 1.2 g/L 
for  Salk-d). Both solutions contained similar amounts of Fe 
(± 0.2 g/L) and K (± 0.8 g/L) as impurities. The concentra-
tion of P was below 0.1 g/L in both solutions, that of Ca, V 
and Li were below 0.05 g/L, and the remaining elements 
occurred in quantities less than 1 ×  10–3 g/L. The pH of both 
 Na2SiO3 solutions was identical at 11.8.

Characterisation of CFA‑Derived Silica Catalyst 
Supports

Detailed chemical, mineralogical and physical characterisa-
tion of  SiSAAL and  SiDAL obtained via the sol–gel method 
using PEG as surfactant was published in our previous paper 
[25]. Both products were characterised by a high level of 
purity (96.3–98.6%  SiO2  mm−1), with most of the deviation 
from 100% being due to moisture as a result of the hygro-
scopic nature of the samples. The product obtained from 
the DAL process contained a marginally greater amount 
(% m/m) of  Al2O3 (0.45%) than that from SAAL (0.13). The 
CaO (0.2–0.3), MgO (0.1–0.2) and  Na2O (< 0.1%) content of 
the two products were similar. Minor amounts (< 0.03%) of 
 Fe2O3,  TiO2,  K2O,  P2O5 and  SO3 were observed. Conversion 
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of the XRF data to a dry mass basis indicated that the 
actual purity of  SiSAAL and  SiDAL ranged between 98.8 and 
99.3% m/m.

Results obtained for the chemical characterisation 
of  SiCTAB,  SiCPC,  SiSLS and  SiPEG were similar to that of 
 SiSAAL. The actual purities of these samples were 99.3 for 
 SiPEG and > 99.9% for  SiCTAB,  SiCPC and  SiSLS, indicating 
that the preparation of ultra-pure silica catalyst supports 
was achieved using the sodium silicate solution prepared 
by the SAAL process and either CTAB, CPC or SLS as 
surfactant. These products contained a minor amount of 
 Al2O3 (< 0.1 wt. %) and trace amounts of other impurities. 
The presence of a broad band centred at 2θ = 22.5° and 
the absence of sharp peaks in the XRD patterns (Online 

Resource 1, Fig. S2) confirmed the amorphous nature of the 
silica catalyst supports [30].

FESEM (Fig. 4) and TEM (Fig. 5) micrographs illustrated 
that the primary particles of the CFA-derived silica catalyst 
supports were approximately spherical with sizes ≤ 200 nm 
and had coalesced to form micron-size agglomerates in all 
samples. Surfactants are known to play a crucial role during 
silica nanoparticle synthesis from pure chemicals such as 
tetraethoxysilane (TEOS), influencing mesostructure forma-
tion, reducing particle diameters, and improving dispersion 
of the particles, thereby minimizing aggregation [31]. In the 
present work, elevated levels of aggregation were observed 
when SLS and PEG were used as surfactants whereas the 
use of CTAB and CPC hindered the aggregation of silica 

Fig. 4  FESEM images of the silica catalyst supports: a  SiSAAL, b  SiDAL, c  SiCTAB, d  SiCPC, e  SiSLS and f  SiPEG
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nanoparticles and enhanced their dispersion. Improved par-
ticle–particle separation has been reported in the literature 
when CTAB and dodecyl trimethylammonium bromide 
(DTAB) were used as surfactants during the synthesis of 
amorphous silica nanoparticles from a pure commercially 
available sodium silicate solution [30].

Textural properties (Table 1 and Online Resource 1, 
Fig. S3) of the CFA-derived silica catalyst supports indi-
cated BET surface areas between 480 and 780   m2  g−1, 
average pore diameters between 2.5 and 6.1 nm and pore 
volumes around 0.4  cm3  g−1. According to IUPAC classifica-
tion, the prepared silica catalyst supports can be classified 
as mesoporous materials, for which pore size is typically in 
the range of 2–50 nm [32]. The BET surface areas of the 

CFA-derived supports were similar to that reported for SBA-
15 (> 700  m2  g−1) and lower than MCM-41 (> 1000  m2  g−1), 
used as catalyst supports used in our previous studies [22, 
23, 33].

The specific surface area and the porosity of the silica 
catalyst supports were greatly affected by the surfactant 
used during its synthesis. Figure 6 compares variation in 
surfactant chain length with the textural properties of the 
respective silica catalyst supports. CTAB and CPC are sur-
factants with 16-carbon chains, while SLS contains a 12-car-
bon chain (Online Resource 1, Fig. S4). The performance 
of PEG as a dispersant is discussed separately in the next 
paragraph and is therefore not included in the comparison 
between the effects of CTAB, CPC and SLS because the 

Fig. 5  TEM images of the silica catalyst supports: a  SiSAAL, b  SiDAL, c  SiCTAB, d  SiCPC, e  SiSLS and f  SiPEG
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carbon chain structure of PEG is different from that of the 
other surfactants used.

Comparison between CTAB, CPC and SLS—A maximum 
specific surface area of 785  m2  g−1 was obtained when using 
CTAB as surfactant. As the carbon chain length of the sur-
factant increased from SLS to CPC and CTAB (Fig. 6), the 
surface area of the silica catalyst supports increased from 
487  m2  g−1 for  SiSLS to 741  m2  g−1 for  SiCPC and 785  m2  g−1 
for  SiCTAB. The cumulative pore volume increased from 
0.32  cm3  g−1 for  SiSLS to 0.40  cm3  g−1 for both  SiCPC and 
 SiCTAB (Table 1). A decrease in the average pore size from 
6.12 nm for  SiSLS (shortest chain length) to 3.35 nm for 
 SiCTAB and 4.92 nm for  SiCPC (longest chain length) with an 
increase in the carbon chain length was observed. Similar 
results have been reported in literature, i.e. that the pore 
size of silica nanoparticles can be reduced by increasing the 
chain length of the surfactant employed during its synthesis 
[30, 34]. Application of CTAB and CPC as dispersants dur-
ing silica catalyst support synthesis resulted in an increase 

in the pore volume of the nanoparticles and a substantial 
improvement in the BET specific surface area, with an 
increase of nearly two orders of magnitude (741–785  m2  g−1; 
Table 1, Fig. 6) in comparison to the results achieved using 
SLS (486  m2  g−1).

PEG—The textural properties of the silica catalyst sup-
ports prepared using PEG as surfactant were similar regard-
less of the composition of the  Na2SiO3 solution used as 
precursor  (SiSAAL vs  SiDAL) or storage conditions  (SSAAL vs 
 SiPEG) (Table 1). The FESEM micrographs of these catalyst 
supports revealed dense aggregates consisting of closely 
packed particles, with only a few dispersed particles (Fig. 4a, 
b and f). The influence of PEG surface coverage on the phys-
ical properties of silica nanoparticles has previously been 
reported by Gao et al. [35]. These authors established that 
the particle size and size distribution of the obtained silica 
nanoparticles depend on the concentration of the PEG dis-
persion. At relatively low concentration, the amount of PEG 
was found to be insufficient to inhibit further growth of the 

Table 1  Textural properties of 
the silica catalyst supports and 
immobilized catalysts

Silica catalyst supports Immobilized catalysts

BET surface 
area  (m2  g−1)

Average pore 
diameter (nm)

Pore vol-
ume  (cm3 
 g−1)

BET surface 
area  (m2  g−1)

Average pore 
diameter (nm)

Pore volume 
 (cm3  g−1)

SAAL 515 2.74 0.35 426 8.23 0.87
DAL 651 2.52 0.41 415 6.45 0.70
CTAB 785 3.35 0.40 609 5.01 0.35
CPC 741 4.92 0.40 585 5.00 0.30
SLS 487 6.12 0.32 405 6.41 0.28
PEG 515 2.74 0.35 383 4.83 0.20

Fig. 6  Variation of the sur-
factant chain lengths vs textural 
properties of the silica catalyst 
supports
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silica nanoparticles, leading to the formation of large aggre-
gates of silica particles. An increase in PEG concentration 
led to an increase in the number of PEG aggregates forming 
in the aqueous solution, resulting in the formation of silica 
nanoparticles inside the entangled PEG chains. Therefore, to 
determine the optimal conditions for producing high-quality 
silica nanoparticles with good dispersion and uniformity, it 
is crucial to investigate the influence of surfactant surface 
coverage. The latter was outside the scope of this study.

In summary, while the studied surfactants led to the for-
mation of silica nanoparticles with comparable particle sizes 
(≤ 200 nm), altering the type of surfactant used during the 
synthesis of the silica catalyst supports had a discernible 
impact on both the textural properties and dispersion of the 
resulting products.

Characterisation of Immobilized Catalysts

Immobilization of functionalized Cu(II) complex onto 
the silica catalyst supports made use of the general reac-
tion scheme presented in Fig. 2. This process consisted of 
facilitating the condensation of the surface silanol groups 
(Si–OH) of the catalyst support with the Si(OEt)3 group 
of the siloxane‐functionalized Cu(II) complex, resulting 
in the formation of a covalently bound catalyst precursor 
[23]. Immobilized catalysts obtained using the CFA-derived 
silica supports synthesised from the two different grades 
of  Na2SiO3  (SiSAAL and  SiDAL) were labelled  CuSAAL and 
 CuDAL, while those obtained by varying the type of sur-
factant during its synthesis  (SiCTAB,  SiCPC,  SiSLS and  SiPEG) 
were labelled  CuCTAB,  CuCPC,  CuSLS and  CuPEG, respectively.

The XRD patterns of the CFA-derived immobilized cata-
lysts were similar to those of their respective native sup-
ports (Online Resource 1, Fig. S2), indicating that the sup-
port materials had retained their amorphicity following the 
immobilization process.

The textural properties of the immobilized catalysts, cal-
culated from BET analysis, are summarised in Table 1. The 
BET surface area of the immobilized catalysts decreased 
while the average pore diameter remained similar or showed 
a small increase when compared to that of the native sup-
ports. The decrease in the BET surface area can be ascribed 
to successful immobilization of the functionalized complex 
onto the silica catalyst support, leading to a decrease in the 
volume of nitrogen being absorbed due the immobilized 
complex occupying space on the surface of the catalyst sup-
port [23]. A general increase in the pore size was observed 
when the silica immobilized catalysts was compared to their 
respective native silica catalyst supports. A similar trend of 
decreasing surface area and increasing pore diameter in an 
SBA-15 immobilized catalyst was reported previously. This 
trend was attributed to the potential post-synthetic modifica-
tion of the silica catalyst support during the immobilization 

process, which was also carried out in toluene at 110 °C 
[23]. A substantial decrease in BET surface area and an 
increase in pore sizes were also reported for SBA-15 which 
was calcined at 540 °C and then hydrothermally treated in 
water at 100 °C [35]. According to our knowledge, there 
is no literature available regarding the influence of thermal 
treatment of mesoporous silica in toluene. This aspect is 
beyond the scope of the current study but will be addressed 
in our future work.

The pore volumes of  CuCTAB,  CuCPC,  CuSLS and  CuPEG 
were slightly smaller than those of their respective native 
supports. This would be expected when the complex is suc-
cessfully tethered to the surface of the catalyst support thus 
resulting in a decrease in the pore volume. A similar obser-
vation was made by Malumbazo et al. during immobiliza-
tion of a Cu(II) salicylaldimine complex onto a Davisil 710 
silica support, tested as catalyst for cyclohexene oxidation 
[22]. In contrast, the pore volumes of  CuSAAL and  CuDAL 
were higher than that of their native catalyst supports. These 
results resemble the results reported before for immobiliza-
tion of Cu(II) complexes on MCM-41 and SBA-15 silica 
supports [22, 23]. It is possible that in the case of the  SiCTAB, 
 SiCPC,  SiSLS and  SiPEG supports, the active sites for Cu(II) 
complex attachment were exposed on the surface of the 
silica supports leading to a decrease in pore volume, which 
was not the case for  SiSAAL and  SiDAL supports due to a lower 
concentration of surface hydroxyls (–OH). The active sites 
refer to the interaction or attachment of the Cu(II) complex 
to the surface or on the pores of the silica support. Another 
possibility could be differences in surface polarity of the dif-
ferent supports. The high surface polarity of silica, resulting 
from the high concentration of surface hydroxyls (–OH), 
will lead to facile catalyst attachment [22].

In this study, all CFA-derived catalyst supports were cal-
cined at 650 °C to remove the excess surfactant. Amorphous 
silica nanoparticles are hygroscopic in nature and will read-
ily absorb water molecules from the atmosphere. The influ-
ence of different storage conditions on the performance of 
the silica catalyst supports was examined to compare their 
performance as catalyst supports in the oxidation of vera-
tryl alcohol to that of previously employed silica supports 
(MCM-41 and SBA-15).  SiSAAL and  SiDAL were stored 
under dry conditions to avoid absorption of water from the 
atmosphere. Meanwhile,  SiCTAB,  SiCPC,  SiSLS and  SiPEG were 
left to absorb moisture prior to immobilization of the metal 
complexes.  SiSAAL and  SiPEG were prepared using the same 
 Na2SiO3 solution as a precursor and PEG as surfactant. 
Therefore, the only difference in the preparation of these 
two catalyst supports was their storage conditions.

Since  SiSAAL and  SiDAL were not exposed to moisture 
during storage, it was expected that these products will con-
tain a lower concentration of surface hydroxyls (or silanol 
groups) compared to the other catalyst supports  (SiCTAB, 
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 SiCPC,  SiSLS and  SiPEG). The  SiCTAB,  SiCPC,  SiSLS and  SiPEG 
supports were expected to contain a high concentration of 
surface hydroxyls, leading to improved attachment of cata-
lysts to the surface of these supports, compared to the  SiSAAL 
and  SiDAL supports which were expected to contain less sur-
face hydroxyl groups. An adequate concentration of surface 
hydroxyls on the surface of the catalyst support is crucial. 
This is because catalyst attachment occurs through a conden-
sation reaction between the surface silanol groups (Si–OH) 
on the silica catalyst support and the Si(OEt)3 groups of 
the siloxane‐functionalized Cu(II) complex, resulting in the 
formation of a covalently bound catalyst precursor (Fig. 2). 
Malumbazo et al. [22] reported the application of silica 
immobilized salicylaldimine Cu(II) complexes as catalysts 
in cyclohexene oxidation using three different types of silica 
supports, Davisil 710, MCM-41 and SBA-15. The Davisil 
710 support was left uncalcined while both the MCM-41 
and SBA-15 supports were calcined prior to immobilization 
of the metal complexes. Calcination of the silica supports 
reduced the number of silanol groups on the surface of the 
material, leading to a lower amount of the metal complex 
being anchored on the silica support. The presence of a high 
concentration of hydroxyl groups on the surface of uncal-
cined Davisil 710 facilitated catalyst attachment.

Process 1 (Fig. 1) was the preferred method for synthe-
sizing the silica supports  (SiCTAB,  SiCPC,  SiSLS and  SiPEG) 
because it produced silica nanoparticles of higher purity. 
However, when comparing the properties of  SiSAAL vs  SiDAL 
and  CuSAAL vs  CuDAL there is no direct evidence that the 
purity of the  Na2SiO3 solution affected the properties of the 
synthesized coal fly ash derived silica catalyst supports or 
their associated immobilized catalysts.

FESEM and TEM micrographs of the CFA-derived 
immobilized catalysts indicated that the shape of the silica 
catalyst supports was retained after immobilization of the 
Cu(II) complex and that no significant changes occurred in 
the microstructure of the immobilized catalysts when com-
pared to the data recorded for their respective native sup-
ports (Online Resource 1, Fig. S5 and Fig. S6). The presence 
of fine particles on the surface of the support materials was 
evident in the TEM images of all the immobilized catalysts 
(Online Resource 1, Fig. S6). These results are in agreement 
with results obtained for similar silica‐supported catalyst 
systems [22, 23].

Catalytic Activity of Immobilized Catalysts During 
Oxidation of Veratryl Alcohol

Following characterization, the immobilized catalysts 
were evaluated as catalyst precursors in the oxidation 
of veratryl alcohol, using tert-butyl hydrogen peroxide 
(TBHP) as oxidant. TBHP has been successfully applied 
as oxidant for the oxidation of veratryl alcohol in various 

catalytic systems, with varying yields of veratrylaldehyde 
and veratric acid being reported depending on the reaction 
conditions and catalyst employed [1, 8].

The reaction parameters were initially optimized 
employing the Cu(II) complex as homogenous catalyst in 
the oxidation of veratryl alcohol. A moderate conversion 
(68%) and good selectivity with yields of 85% veratryla-
ldehyde and 15% veratric acid were obtained. The opti-
mized reaction conditions were found to be 2 mol % Cu 
loading, 1.0 mmol veratryl alcohol, 0.2 mmol NaOH and 
2.0 mmol TBHP at 25 °C for 6 h using 10 ml acetonitrile 
as solvent.

After establishing reasonable activity in the homogene-
ous reaction mixture, the homogeneous system was hetero-
genized by immobilizing it onto silica supports MCM-41 
and SBA-15, which were previously employed in similar 
catalytic systems. The resultant immobilized catalysts, 
 CuMCM-41 and  CuSBA-15 were evaluated as catalyst precur-
sors in the oxidation of veratryl alcohol using the optimized 
reaction conditions employed for their homogeneous coun-
terpart. The reaction scheme is given in Fig. 3. Reactions 
carried out using  CuMCM-41 and  CuSBA-15 immobilized cata-
lysts exhibited low conversions (30–36%), with good selec-
tivity towards the formation of veratrylaldehyde (80–90%), 
and small amounts of veratric acid (10–20%) being formed 
(Fig. 7 and Online Resource 1, Table S1).

The performance of the CFA derived catalysts was tested 
under the same catalytic conditions. All the CFA-derived 
immobilized catalysts were active in the oxidation of vera-
tryl alcohol, with conversions ranging between 24 and 57% 
(Fig. 7 and and Online Resource 1, Table S1). Veratryla-
ldehyde and veratric acid were still found to be the main 
products. The results obtained for  CuSAAL, and  CuDAL resem-
bled that of immobilized catalysts  CuMCM-41 and  CuSBA-15. 
Low degrees of conversion (20–24%) and a high selectivity 
towards the formation of veratrylaldehyde (90–96%) were 
observed. This result suggests that overoxidation of verat-
rylaldehyde to veratric acid is restricted at low conversions, 
resulting in the formation of veratrylaldehyde as the pri-
mary product. The moderate activity of  CuSAAL and  CuDAL 
can most likely be attributed to poor catalyst immobiliza-
tion onto these silica supports. This aspect will be discussed 
in further detail below. It was noticed that some physically 
adsorbed copper salt was leaching into the reaction mix-
ture. The catalytic inactivity of the free copper salt was con-
firmed by testing Cu(OAc)2H2O as catalyst precursor in the 
oxidation of veratryl alcohol. Cu(OAc)2H2O, in absence of 
stabilization by an immobilized ligand, exhibited very low 
conversion (~ 8%) with predominantly veratryaldehyde for-
mation. This suggests that only copper coordinated via the 
immobilized ligand sites is active in this catalytic process, 
highlighting the necessity of ligand sites for stabilization of 
the active copper centres.



5064 Waste and Biomass Valorization (2024) 15:5053–5068

The use of immobilized catalysts  CuCTAB,  CuCPC,  CuSLS 
and  CuPEG improved the conversion of veratryl alcohol 
(50–52%). However, this resulted in the selectivity being 
compromised with product distributions of only approxi-
mately 50% veratrylaldehyde and veratric acid being 
observed. The higher catalytic activity achieved with these 
catalysts was likely attributed to their greater BET surface 
areas, as shown in Table 1. This increased surface area 
allowed for better access to the catalytically active sites, 
leading to higher activity but also resulting in overoxida-
tion and the production of larger amounts of veratric acid 
[22, 36].

SiSAAL and  SiPEG were prepared under the same experi-
mental conditions but stored under different environmental 
conditions (Fig. 1). Storage of  SiPEG under ambient condi-
tions was expected to increase the concentration of surface 
silanol groups, resulting in more effective immobilization 
of the Cu(II) complex on the surface of  SiPEG compared 
to  SiSAAL, evident by the low degree of conversion (20%) 
attained in the reaction system employing the  CuSAAL immo-
bilized catalyst as compared to  CuPEG (50%). These observa-
tions confirmed the importance of having a sufficient amount 
of silanol groups on the surface of the silica catalyst support 
for successful catalyst attachment during immobilisation 
[37, 38].

These results clearly show that the nature of the catalyst 
support plays a significant role in the conversion rate and 
selectivity of the oxidation reaction tested. The presence of 
active catalytic sites on the surface of the catalyst will have 
a substantial effect on the selectivity of the catalyst. The 
difference in selectivity observed for immobilized catalysts 
 CuCTAB,  CuCPC,  CuSLS and  CuPEG might be attributed to the 

elevated concentration of surface hydroxyls in their native 
supports, enhancing catalyst immobilization and conse-
quently extends the contact time between the substrate and 
the surface of the support. As a result, conversion of veratryl 
alcohol is increased. However, it may also lead to unintended 
overoxidation of veratrylaldehyde to veratric acid. The selec-
tivity of immobilized catalyst  CuSAAL and  CuDAL towards the 
formation of veratrylaldehyde may subsequently be ascribed 
to the lower concentration of silanol groups available on the 
catalyst’s surface [22].

Recyclability of the Catalysts

The durability and reusability of the CFA-derived immobi-
lized catalysts were evaluated for the oxidation of veratryl 
alcohol with TBHP. The catalysts were recycled up to five 
times using the same reaction conditions, with the excep-
tion of  CuSAAL and  CuDAL which were only recycled three 
times due to loss of activity of these catalysts after three 
runs (Table 2). The continuous loss in activity for  CuSAAL 
and  CuDAL was attributed to an insufficient number of silanol 
groups on the surface of the support material, leading to 
a lower amount of the Cu(II) complex being anchored on 
the silica support. The selectivity towards formation of the 
veratrylaldehyde was retained.

CuCTAB,  CuCPC,  CuSLS and  CuPEG, displayed good 
recyclability over five catalytic runs. A slight decrease in 
activity was noted with conversions ranging from 42 to 
57%. However, poor selectivity was observed with almost 
equal amounts of veratrylaldehyde to veratric acid being 
obtained. The slight drop-in activity was attributed to a 
loss of the catalyst during its recovery, as well as a low 

Fig. 7  Oxidation of veratryl 
alcohol with TBHP, heteroge-
neously catalyzed by a Cu(II) 
complex immobilized on 
MCM-41  (CuMCM-41), SBA-15 
 (CuSBA-15) and the CFA-derived 
catalyst supports  (CuSAAL, 
 CuDAL,  CuCTAB,  CuCPC,  CuSLS 
and  CuPEG). Reaction condi-
tions: veratryl alcohol (1 mmol), 
2 mol % catalyst, temperature 
(25 °C), TBHP (2 mmol), 
acetonitrile (10 ml) and NaOH 
(0.2 mmol)
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degree of metal leaching into solution, which was visually 
detected by a slight green colour in solution. This reason-
ing is supported by the fact that slightly less of the vera-
trylaldehyde is being overoxidised to veratric acid after 
five catalytic runs.

These results thus show that  CuCTAB,  CuCPC,  CuSLS and 
 CuPEG, can be utilized as a good recyclable heterogeneous 
catalyst in the oxidation of veratryl alcohol, with relatively 
low levels of metal leaching occurring during the catalytic 
reaction.

Impact of Oxidation Concentration

The impact of the concentration of the oxidant, TBHP was 
conducted. Changing the substrate to oxidant ratio from 1:2 
to 1:3 resulted in almost a trembling of the conversion to 
around 70% (Fig. 8). Further increase in oxidant concen-
tration showed very little enhancement of the conversion. 
However, the higher oxidant concentration had a significant 
impact on the selectivity of the reaction which at the higher 
TBHP levels showed a significant shift to the carboxylic 
acid product. It is clear that in the presence of higher levels 
of TBHP, oxidation of the intermediate aldehyde is facili-
tated, resulting in the carboxylic acid analogue being the 
predominant product.

Substrate Scope

A preliminary investigation of the substrate scope of the cat-
alytic system was carried out using two of the catalyst sys-
tems employed during the initial catalytic experiments, viz. 
 CuSAAL and  CuCTAB. Thus, the reaction of veratryl alcohol 
(entry 1, Table 3) was compared with that of vanilyl alcohol 
(entry 2, Table 3). In addition, 4-bromo benzylalcohol (entry 

Table 2  Recyclability and reusability of CFA-derived immobilized catalysts in the oxidation of veratryl alcohol with  TBHPa

a Reaction conditions: veratryl alcohol (1  mmol), 2  mol  % catalyst, temperature (25  °C), TBHP  (2  mmol), acetonitrile (10  ml) and NaOH 
(0.2 mmol)

CuSAAL CuDAL

Conversion (%) Aldehyde yield (%) Acid yield (%) Conversion (%) Aldehyde yield (%) Acid yield (%)

Run 1 24 96 4 31 90 10
Run 2 19 95 5 24 83 17
Run 3 16 97 3 17 97 3

CuCTAB CuCPC

Conversion (%) Aldehyde yield (%) Acid yield (%) Conversion (%) Aldehyde yield (%) Acid yield (%)

Run 1 56 53 47 57 45 55
Run 2 51 48 52 56 53 47
Run 3 49 50 50 51 48 52
Run 4 51 45 55 49 50 50
Run 5 46 53 47 45 66 34

CuSLS CuPEG

Conversion (%) Aldehyde yield (%) Acid yield (%) Conversion (%) Aldehyde yield (%) Acid yield (%)

Run 1 54 51 49 54 51 49
Run 2 52 54 46 52 54 46
Run 3 54 48 52 54 48 52
Run 4 47 55 45 47 55 45
Run 5 42 60 40 45 58 42

Fig. 8  Effect of TBHP concentration on activity using catalyst 
 CuSAAL in the oxidation of veratryl alcohol. Reaction conditions: 
veratryl alcohol (1 mmol), 2  mol  % catalyst, temperature (25  °C), 
TBHP (2–5 mmol), acetonitrile (10 ml) and NaOH (0.2 mmol)
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3, Table 3) as well as 5-(hydroxymethyl)furfural (entry 4, 
Table 3) were also employed substrates. The results indi-
cate that both the  CuSAAL and  CuCTAB catalyst systems were 
able to effectively oxidise all of the alcoholic substrates in 
moderate to good yields. Once again, the  CuCTAB catalyst 
system was found to be slightly more active than the  CuSAAL 
catalyst system with having conversions around 80% and the 
latter having conversions between 60 and 70%. The  CuCTAB 
catalyst having the higher conversion also displays a higher 
selectivity to carboxylic analogue.

Conclusions

Application of mesoporous silica support materials such 
as SBA-15 and MCM-41 with uniform pore sizes, high 
surface areas, and large pore volumes are generally pre-
ferred as catalyst supports in heterogeneous catalysis. This 
study illustrates the suitability of CFA-derived amorphous 
mesoporous silica nanoparticles as catalyst support in 
heterogeneous catalysis. Our findings suggest that these 
products have the potential to serve as viable alternatives 
to commercially available mesoporous silica catalyst sup-
ports for the oxidation of veratryl alcohol, a lignin derived 
compound. The utilization of these catalyst systems could 
significantly contribute to the development of cost-effective 
and sustainable processes for producing value-added prod-
ucts from bio-derived substrates. The textural properties 

of the CFA-derived silica catalyst supports were notably 
influenced by the surfactant used during its synthesis, while 
variation in storage conditions had an impact on the amount 
of silanol groups on the surface of the silica supports. The 
silanol groups are essential for the successful immobilisation 
of the catalyst. Pre-dealumination of CFA during  Na2SiO3 
preparation did not affect the performance of the catalyst 
supports. Preliminary investigation of the substrate scope 
revealed that both the catalyst systems,  CuSAAL and  CuCTAB 
were able to oxidise analogues of veratryl alcohol as well 
as the bio-renewable substrate 5-(hydroxymethyl)-2-fural-
dehyde. Further optimization is required to enhance both 
conversion and selectivity especially targeting the more val-
uable aldehyde products. Nevertheless, the results reported 
here are encouraging and lay the basis for the development 
of analogous “heterogenized” homogeneous catalysts using 
relatively cheap support material.
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Table 3  Evaluation of the substrate scope using  CuSAAL and  CuCTAB as catalysts

Reaction conditions: alcohol (1 mmol), 2 mol % catalyst, temperature (25 °C), TBHP (3 mmol), acetonitrile (10 ml) and NaOH (0.2 mmol)

Entry Substrate CuSAAL CuCTAB

Conver-
sion (%)

Aldehyde 
yield (%)

Acid yield (%) Conver-
sion (%)

Aldehyde 
yield (%)

Acid yield (%)

1 70 91 9 84 41 59

2 72 89 11 80 45 55

3 67 82 18 75 43 57

4 62 79 21 83 40 60
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