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A B S T R A C T   

In the chemical industry, designing high-performance catalysts for the oxidation of aromatic hydrocarbon into 
value-added products such as benzaldehyde and benzoic acid is critical. In this study, the catalytic activity of 
chromium Schiff base complex supported on layered double hydroxide for the liquid phase oxidation of toluene 
was examined. The chromium Schiff base complex supported catalyst was synthesized by the intercalation 
method and abbreviated as LDH-[NAPABA-Cr(III)]. The obtained material was characterized by various physical 
techniques such as ICP-AES, XRD, FTIR, SEM, EDX, TEM, TGA, and EPR. The catalytic activity of the hetero
genized Cr(III) Schiff base complex was tested for the oxidation of toluene using tert-butyl hydroperoxide as an 
oxygen source. Furthermore, the hot filtration experiment revealed that the LDH-[NAPABA-Cr(III)] was a het
erogeneous catalyst that could be reused at least seven times without significant loss of catalytic activity.   

1. Introduction 

Selective oxidation of the C–H bond of toluene has drawn immense 
attention, because oxidation products benzaldehyde, benzoic acid, 
benzyl alcohol, and benzyl benzoate were useful in fine chemical in
dustries, laboratories, pharmaceutical industries, and food industries 
[1]. Benzoic acid is commercially produced by partial oxidation of 
toluene with molecular oxygen (O2) at 165 ◦C with acetic acid as sol
vent, in the presence of homogeneous cobalt and manganese naph
thenates, but the conversion was only 15% [2,3]. This method suffers 
from its corrosive and environmentally unfriendly. Oxidation of toluene 
with molecular oxygen, hydrogen peroxide and tert-butyl hydroperoxide 
(t-BuOOH) is the preferred process for terminal oxidation [4,5]. Most of 
these catalysts are having certain drawbacks like difficulty in separation 
of catalyst at the end of reaction for reuse as well as decomposition 
during the catalytic reaction. Therefore, heterogenization of homoge
neous metal complexes on insoluble support to develop new heteroge
neous catalysts using various methods has attracted a lot of attention. 
Heterogeneous catalysts have a high surface area of the catalytically 
active sites to the reactants and have separation and recycling advan
tages compared to homogeneous catalysts. However, either leaching or 
low selectivity was the main problem regarding their applications as 
oxidation catalysts. Therefore, several researchers have worked 

extensively to design a suitable heterogeneous catalytic system for the 
oxidation of toluene [6–11]. 

Layered double hydroxides (LDHs) also known as hydrotalcite-like 
compounds, have the general formula [MII

1-xMIII
x (OH)2]x+.(An-

x/n). 
mH2O, where An- is the interlayer anion of charge n that leads to the 
electro-neutrality of LDH. The coefficient x is equal to the molar ratio 
[MII/(MII+MIII)], and m is the number of water molecules located in the 
interlayer region together with the anions [12]. Recently the LDHs have 
received intensive attention in intercalation chemistry [13], ion ex
changers [14] and heterogeneous catalyst precursors [15–17]. LDH has 
also been studied extensively as strong support for the immobilization of 
a variety of transition metal complexes [18–21]. Recently, we have 
published Cu(II), Co(II), Mn(II) and Fe(III) Schiff base complexes 
immobilized on layered double hydroxide for the oxidation of toluene 
using TBHP as an oxidant [22,23]. 

The current research will concentrate on the solvent-free catalytic 
oxidation of toluene over LDH-supported heterogeneous catalysts, LDH- 
[NAPABA-Cr(III)], with tert-butyl hydroperoxide as an oxidant. To 
optimize the reaction conditions for maximum conversion and selec
tivity, we investigated the effects of various solvents, oxidants, the molar 
ratio of TBHP to toluene, the quantity of catalyst, and the effect of 
temperature. A hot filter experiment was also used to investigate metal 
leaching, as well as a plausible mechanism. 
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2. Experimental section 

2.1. Chemical and physical characterization 

Zinc nitrate hexahydrate (Zn(NO3)3⋅6H2O), aluminium nitrate non
ahydrate (Al(NO3)3⋅9H2O, sodium hydroxide, 4-amino benzoic acid, 2- 
hydroxy-1-naphthaldehyde, toluene and 70% commercial aqueous so
lution of TBHP were of analytical grade E. Merck. Chromium chloride 
hexahydrate (CrCl3⋅6H2O) is purchased from Central Drug House 
(CDH). Toluene E. Merck was checked by gas chromatography (G.C.) to 
ensure that no oxidation products were present in the substrate. E. 
Merck also supplied the 70% commercial aqueous solution of TBHP. A 
74% TBHP in toluene stock solution was made by extracting 50 ml of 
commercial TBHP (70% in water) into 12 ml of toluene. The saturation 
of the aqueous layer with NaCl promotes phase separation. The organic 
layer is dried over MgSO4, filtered, and kept at 5 ◦C. In this solution, the 
molar ratio of TBHP to toluene is 3 [24]. 

The Powder X-ray diffraction (XRD) patterns of the samples were 
recorded on a Rigaku diffractometer in the 2θ range of 3◦–70◦ using 
CuKα radiation (λ = 1.5418 Å) at a scanning speed 2◦ per minute with 
step size 0.02◦. Scanning electron microscopy (SEM) measurements 
were performed using a JEOL JSM 6100 electron microscope, operating 
at 20 kV. The Fourier transform infrared (FTIR) spectra were recorded 
on Perkin Elmer model 1750 in KBr. Transmission electron microscope 
(TEM) micrographs of the samples were recorded on a Tecnai G2 20 
microscope. The electron paramagnetic resonance (EPR) spectrum was 
recorded on a JES-FA200 ESR, X band spectrometer operated at a mi
crowave frequency of 9.65 GHz at room temperature. The g value is 
reported relative to a 2, 2-diphenyl-1-picrylhydrazil (dpph) standard 
with g = 2.0036. Thermo-gravimetric analysis (TGA) was conducted on 
a Shimadzu TGA-50 system in the range 298–1023 K, at a heating rate of 
10 ◦C min− 1. The data were analysed with the NORMOS-SITE program 
and the obtained parameters were fitted with respect to natural chro
mium. ThermoFischer Scientific, Flash smart V CHNS/O analyzer was 
used for the estimation percentage of C, H, N and O. Thermo Electron 
IRIS INTREPID II XSP DUO, inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) was used for the estimation of chromium. The 
N2 adsorption data, measured at 77 K by volumetric adsorption set-up 
(Micromeritics ASAP-2010, USA), were used to determine BET surface 
area. Analytical gas chromatography was carried out on a Shimadzu Gas 
Chromatograph GC-14B with dual flame ionization detector (FID) and 
attached Shimadzu printer having SE-30 ss column at 343 K. The 
products were identified by GC–MS (Perkin-Elmer Clasus 500 column; 
30 mm × 60 mm). 

2.2. Preparation of catalyst 

2.2.1. Preparation of ligand {[NAPABA]} 
The Schiff base ligand [NAPABA] was synthesized by dissolving 4- 

amino benzoic acid (10 mmol) into a 50 ml methanolic solution of 
NaOH (20 mmol) followed by the methanolic solution of 2-hydroxy-1- 
naphthaldehyde (10 mmol) in 1:1 M ratio, immediately the mixture 
became yellow due to imines formation. The resulting mixture was 

refluxed for 3 h with continuous stirring under a nitrogen atmosphere. 
The yellow product was filtered off, washed with methanol followed by 
acetonitrile and then dried at 333 K overnight. The obtained ligand was 
characterized by elemental analysis, CHNO and FTIR spectroscopy. The 
elemental percentage of CHNO for C18H12NNaO3: Anal. found: C, 
70.17%; H, 4.13%; N, 4.75%, O, 16.09%. Calc. found: C, 69.01%; H, 
3.86%; N, 4.47%, O, 15.32% FTIR (KBr pellet: cm− 1): 3381 (br), 1721 
(w), 1607 (m), 1547 (m), 1435 (w). 

2.2.2. Preparation of neat Cr(III) Schiff base complex 
The Cr(III) complex was synthesized by dissolving [NAPABA] ligand 

(10 mmol) into 100 ml of methanol and then immediately CrCl3⋅6H2O 
(5 mmol) was added and the mixture was kept under continuous stirring 
for 4 h at room temperature. After 4 h the greenish brown precipitate of 
NAPABA-Cr(III) complex was formed which was filtered, washed with 
petroleum ether and dried in air. The obtained complex was charac
terized by elemental analysis, CHNO and FTIR spectroscopy. The 
elemental percentage of CHNO for C36H26CrN2Na2O8: Anal. Found: C, 
62.46%; H, 3.31%; N, 4.13%, O, 18.07%. Calc. found: C, 60.68%; H, 
3.68%; N, 3.93%, O, 17.93%. FTIR (KBr pellet: cm− 1): 3373(br), 1608 
(m), 1581(m), 1476(w), 1409(m), 738(w), 553(w). 

2.3. Preparation of heterogeneous catalyst 

The heterogeneous catalyst was prepared in three steps. In the first 
step: 4-amino benzoic acid intercalated layered double hydroxide {LDH- 
[NH2-C6H4COO]} was prepared by the co-precipitation method [24]. 
For synthesizing {LDH-[NH2-C6H4COO]} a solution of zinc(II) nitrate 
hexahydrate (14.8 g) and aluminium(III) nitrate nonahydrate (6.25 g) in 
decarbonized water was prepared by taking Zn-Al molar ratio of 3 and 
then a solution of 4-amino benzoic acid (10.86 g) and NaOH (7.8 g) in 
decarbonized water was added to this solution with constant stirring. 
Immediately, a gel-like solution was formed, which was digested for 48 
h at 348 K. After cooling, the off-white product was separated by 
filtering, washed with water, followed by methanol, and dried overnight 
at 333 K. 

In the second step: ligand [LDH-NAPABA] was synthesized by the 
reaction of LDH-[NH2-C6H4COO] with a methanolic solution of 2-hy
droxy-1-naphthaldehyde (1:1 M ratio). The reaction mixture was 
refluxed for three hours under a nitrogen atmosphere. The yellow 
product was isolated by filtration and washed with methanol followed 
by acetone and acetonitrile, dried overnight at 333 K. 

In the third step: The heterogeneous catalyst, LDH-[NAPABA-Cr(III)] 
was prepared by complexation of Cr(III)) with LDH-NAPABA ligand. 
Typically, the LDH-NAPABA ligand was suspended in 50 ml methanol 
and a solution of CrCl3⋅6H2O in 50 ml methanol was added to it with 
continuous stirring. The mixture was refluxed for 4 h under a nitrogen 
atmosphere. After cooling greenish brown solid was filtered and washed 
with methanol. The resulting solid was Soxhlet extracted using methanol 
followed by acetone, dichloromethane and acetonitrile to remove 
complex present on the surface of LDH and dried at 333 K. 

Table.1 
Chemical composition and physical data of various compounds.  

Catalyst Metal contents* 
(%) 

Elemental composition (Wt %)# BET surface area (m2/ 
g) 

Pore volume (cm3/ 
g) 

Pore size 
(Ǻ) 

d-spacing 
(Ǻ)   

Zn Al C O N Cr     

LDH-[NH2- 
C6H4COO] 

– 26.39 7.73 32.49 29.12 4.27 – 6.92 0.017 100.90 15.71 

LDH-[NAPABA-Cr 
(III)] 

4.43 16.41 6.24 45.05 23.17 3.67 5.46 29.93 0.121 46.51 22.21 

LDH-[NAPABA-Cr 
(III)]a 

4.39 16.30 6.12 44.95 23.14 4.05 5.38 27.81 0.097 39.97 22.21 

*ICP-AES analysis; #EDX analysis; a: after catalytic reaction. 
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2.4. Catalytic oxidation of toluene 

The oxidation reaction is carried out, in a two-neck round bottom 
flask fitted with a reflux condenser and mechanical stirrer. Flask is 
loaded with 14 mmol of toluene and 0.1 g of catalyst. The mixture was 
heated in an oil bath to 393 K before 42 mmol TBHP was added. For 5 h, 
the mixture was stirred at a constant temperature. The solid catalyst was 
separated from the reaction mixture at the end of the reaction. G. C. 
quantitatively examined the liquid layer using an SE-30 ss column at 
343 K. The GC–MS was used to identify the products, which indicated 
that the primary compounds generated in the reaction were benzoic acid 
and benzaldehyde. The selectivity was determined in relation to the 
converted toluene. 

3. Results and discussion 

3.1. Characterization of catalysts 

3.1.1. Estimation of metal contents 
ICP-AES was used to determine the metal contents of a heteroge

neous catalyst, LDH-[NAPABA-Cr(III)], and the findings show that the 
catalyst contains 4.43% chromium. The elemental composition of LDH- 
[NH2-C6H4COO] and LDH-[NAPABA-Cr(III)] was determined using EDX 
analysis. The EDX analysis reveals the presence of carbon, oxygen, ni
trogen, aluminium, and zinc in LDH-[NH2-C6H4COO]. The catalyst LDH- 
[NAPABA-Cr(III)] comprises carbon, oxygen, nitrogen, as well as 
aluminium, zinc, and chromium. The results are listed in Table 1. The 
existence of these components in LDH-[NAPABA-Cr(III)] verifies the 
formation of the catalyst. The EDX analysis is depicted in Fig. S1 in 
Supplementary materials. The synthetic route of LDH-[NH2-C6H4COO], 
LDH-NAPABA ligand, and LDH-[NAPABA-Cr(III)] catalysts is shown in 
Scheme 1. 

Fig. 1 shows the XRD patterns of LDH-[NH2-C6H4COO], LDH- 
[NAPABA], LDH-[NAPABA-Cr(III)], and reused LDH-[NAPABA-Cr 
(III)], which reveal the existence of two strong and narrow diffraction 
lines corresponding to (003) and (006) reflections of a crystalline ZnAl- 
LDH phase [25–27]. LDH-[NH2-C6H4COO] exhibits the most intense 
basal reflection at (003) plane with a d-spacing of 15.71 (Table 1). In 
LDH-[NAPABA-Cr(III)] the basal spacing of the (003) plane rises from 
15.71 to 22.21. The metal Schiff base complex had no effect on the LDH 
structure during intercalation [28]. The appearance of (003) and (006) 
reflections confirm the ZnAl-LDH material’s layered structure [29]. The 
absence of any additional peak owing to other phases or impurities in
dicates that the phase is pure ZnAl-LDH. Additionally, no change in the 
typical reflections corresponding to the (110) plane, which is associated 
with the atomic distribution density and depends on the Zn/Al molar 
ratio, is verified. The increase in gallery height indicates a good 

Scheme 1. Synthetic route of LDH-[NH2-C6H4COO], LDH-[NAPABA] and LDH-[NAPABA-Cr(III)].  

Fig. 1. XRD pattern of (a) LDH-[NH2-C6H4COO], (b) LDH-[NAPABA], (c) LDH- 
[NAPABA-Cr(III)] and (d) reused LDH-[NAPABA-Cr(III)]. 
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agreement with the effective chromium Schiff base complex intercalated 
in the LDH host layers. After seven cycles, the d-spacing of the reused 
LDH-[NAPABA-Cr(III)] catalyst, did not alter considerably (Table 1 and 
Fig. 1(c). 

3.1.3. FT-IR analysis 
The FTIR spectrum of LDH-[NH2-C6H4COO], LDH-[NAPABA] and 

LDH-[NAPABA-Cr(III)] were recorded in the range 4000 to 400 cm− 1 

shown in Fig. 2. The stretching mode of OH groups is responsible for the 
broad absorption bands at 3280–3400 cm− 1 in the spectra of LDH-[NH2- 
C6H4COO]. The bands at 1608 and 1298–1315 cm− 1 were assigned 
owing to bending and stretching vibrations of H–O–H and NO3

–, which 
were found in the interlayers of LDH, respectively [30]. The absorption 
bands below 1016 and 425–553 cm1 are caused by LDH’s M–O and 
O–M–O vibration modes [31] In the spectra of LDH-[NAPABA-Cr(III), an 
extra band at 1610 cm− 1 is due to imine C––N stretching, while bands at 
755 and 561 cm− 1 are due to Cr-N and Cr-O stretching frequencies, 
respectively. 

3.1.4. SEM analysis 
The morphology of LDH-[NH2-C6H4COO] and LDH-[NAPABA-Cr 

(III)] was studied by scanning electron microscopy shown in Fig. 3. In 
SEM images, the presence of flake-like aggregates on both the substrate 
and the catalysts demonstrated that the particles of LDH-[NH2- 
C6H4COO] were not destroyed during the intercalation of the metal 
Schiff base complex. 

3.1.5. BET surface area analysis 
The surface area of heterogeneous catalysts is an essential parame

ter in catalysis. As a consequence, the surface area of the LDH-[NH2- 
C6H4COO] and LDH-[NAPABA-Cr(III)] was measured using BET surface 
area analysis. Table 1 summarises the findings. The surface areas of 
LDH-[NH2-C6H4COO] and LDH-[NAPABA-Cr(III)] are 6.92 [32] and 
29.93 m2g− 1, respectively. The pore volume and pore size of support are 
0.017 (cm3/g) and 100.90 (Ǻ) respectively. Following the intercalation 
of the chromium Schiff base complex into the LDH host layer, the pore 
volume increases to 0.121 (cm3/g) while the pore size decreases to 
46.51 (Ǻ). The reason for the increase in surface area of catalysts in 

Fig. 2. FTIR spectra of (a) LDH-[NH2-C6H4COO], (b) LDH-[NAPABA] and (c) 
LDH-[NAPABA-Cr(III)]. 

Fig. 3. SEM images of (a) LDH-[NH2-C6H4COO], and (b) LDH-[NAPABA- 
Cr(III)]. 

Fig. 4. TEM images of (a) LDH-[NH2-C6H4COO], and (b) LDH-[NAPABA- 
Cr(III)]. 
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contrast to LDH-[NH2-C6H4COO] was the intercalation of bigger com
plex molecules into the LDH layers, which resulted in layer expansion. 

3.1.6. TEM analysis 
TEM examination was used to examine the microstructure of LDH- 

[NH2-C6H4COO], LDH-[NAPABA-Cr(III)] shown in Fig. 4. It was found 
that materials contain aggregates with a flake-like structure. TEM 
analysis was used to calculate the particle size of support and hetero
geneous catalysts, which ranged from 5 to 20 nm and agreed well with 
the results of the XRD examination. 

3.1.7. EPR analysis 
The geometry and oxidation state of the chromium Schiff base 

complex was determined by EPR analysis. The X band EPR spectrum of 
LDH-[NAPABA-Cr(III)] catalyst was obtained at room temperature. A 
single peak at 320 mT can be seen in the EPR spectrum of the chromium 
Schiff base complex depicted in Fig. 5. Furthermore, the spectrum shows 
a g value of 1.947 with a giso of 2.07, indicating the existence of chro
mium metal ions in the +3 oxidation state with three unpaired d-or
bitals. The EPR parameters for the Cr(III) complex are suggested in 
octahedral geometry [33]. 

3.1.8. TGA analysis 
TGA is used to assess the thermal stability of LDH-[NH2-C6H4COO], 

LDH-[NAPABA] and LDH-[NAPABA-Cr(III)] shown in Fig. 6 and 
Table S1. The TGA curves of LDH-[NH2-C6H4COO] indicate the elimi
nation of adsorbed water as the initial weight loss at temperatures 
ranging from 25 to 150 ◦C. The second weight loss occurs between 200 
and 500 ◦C due to the breakdown of the brucite-like layer and the 
elimination of interlayer benzoate anions. Whereas the LDH-[NAPABA- 
Cr(III)] TGA curve indicates the initial weight loss at temperatures 
ranging from 25 to 175 ◦C, which is related to the elimination of 
adsorbed water. The partial dihydroxylation of the double hydroxide 
layers is responsible for the second weight loss seen between 213 and 
330 ◦C. The complete degradation of the metal complex caused the third 
weight loss in the temperature range 325–530 ◦C. The TGA curves show 
that the catalysts are stable up to 500 ◦C. 

3.2. Catalytic properties of LDH-[NAPABA-Cr(III)] catalyst 

The oxidation of toluene using tert-butyl hydroperoxide as an oxidant 
is examined to study the catalytic activity of the LDH-[NAPABA-Cr(III)] 
catalyst. We have also examined the support, LDH-[NH2-C6H4COO], 
homogeneous catalysts, NAPABA-Cr(III), and heterogeneous catalyst 
LDH-[NAPABA-Cr(III)] under identical experimental conditions. Table 2 
summarises the findings. It is observed that, in the absence of the 
catalyst, no oxidation products are produced, showing that auto- 
oxidation does not occur. In the case of support also, no oxidation 
products are formed. It is clear that the support is catalytically inactive. 
The homogeneous catalyst, NAPABA-Cr(III) and heterogeneous catalyst 
LDH-[NAPABA-Cr(III)] has successfully oxidized toluene to, benzoic 
acid, and benzaldehyde with no oxidation products seen from the aro
matic ring of the toluene. The results indicate that heterogeneous 
catalyst, LDH-[NAPABA-Cr(III)] gave excellent catalytic activity in 
comparison to homogeneous catalysts, NAPABA-Cr(III)because homo
geneous catalysts are partially soluble in the reaction mixture. There
fore, less amount of catalyst is available for the oxidation reaction. 
Scheme 2 depicts the toluene oxidation catalyzed by the LDH-[NAPABA- 
Cr(III)]/TBHP system. The substrate conversion and selectivity were 
calculated from the given equations [34,35]. 

Substrate conversion (%) = Substrate converted (mmol)/Substrate used (mmol)

× 100.

Product selectivity (%) = Product formed (mmol)/Substrate used (mmol)

× 100.

Turn over number = mmol of products/mmol of catalyst.

Various parameters such as the effect of oxidants, effect of TBHP, 

Fig. 5. EPR spectrum of LDH-[NAPABA-Cr(III)] catalyst.  

Fig. 6. TGA curves of (a) LDH-[NH2-C6H4COO], (b) LDH-[NAPABA] and (c) 
LDH-[NAPABA-Cr(III)]. 

Table 2 
Catalytic activity support, homogeneous and heterogeneous catalysts in the 
oxidation of toluene.  

Compounds Oxidant/ 
Solvent 

Toluene 
conversion (%) 

Selectivity 
(%) 

TON    

BA BZ  

No Catalyst TBHP 
/Solvent-free 

– – – – 

LDH-[NH2- 
C6H4COO] 

TBHP 
/Solvent-free 

– – – - 

NAPABA-Cr(III) TBHP 
/Solvent-free 

63.8 81.7 18.3 580 

LDH-[NAPABA- 
Cr(III)] 

TBHP/ 
Solvent-free 

81.2 86.4 13.6 738 

BZ: benzaldehyde, BA: benzoic acid; TBHP: 74% TBHP in toluene; Reaction 
conditions: toluene (14 mmol); TBHP (42 mmol), catalyst (100 mg), temperature 
(393 K), time 5 h. TON: turnover number. 
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effect of the amount of catalyst as well as reaction temperature have 
been studied for obtaining the maximum conversion of toluene. 

The effects of various solvents, such as polar protic, polar aprotic, 
and non-polar, have been investigated in order to maximize toluene 
conversion shown in Fig. S2. The reactions were carried out using 100 
mg LDH-[NAPABA-Cr(III)], 393 K, and TBHP to toluene molar ratio 3 for 
5 h utilizing different solvents such as acetonitrile, acetone, benzene, 
and methanol. The results clearly show that polar protic solvents 
improved benzaldehyde selectivity whereas polar aprotic and non-polar 
solvents improved benzoic acid selectivity. The conversion of toluene 
was also shown to be reduced in the presence of polar protic, polar 
aprotic and non-polar solvents. It’s because of the competition for active 
sites between solvent and substrate molecules, as well as the blockage of 
active sites by solvent molecules [24]. However, in the absence of any 
solvent, better selectivity and catalytic activity were detected than in the 
presence of any solvent. 

The effects of several oxidants such as H2O2, O2, 70% TBHP, and 74% 
TBHP in toluene were examined. The results are listed in Table 3. The 
conversion of toluene was lower 37.3% when molecular oxygen (O2) 
was utilized as the oxidant because O2 was easily expelled from the 
reaction mixture. When H2O2 was utilized as the oxidant, no conversion 
was detected because of its strong exothermic nature, which allowed it 
to disintegrate quickly and emit oxygen. Because of the interference of 
water in the reaction, the conversion of toluene was lower 48.5% with 
70% TBHP, whereas 74% TBHP in toluene provided the highest con
version of toluene 81.2%. As a result, it was determined to be the 
optimal oxidant for our catalytic system. 

Three different molar ratios of TBHP to toluene were used to examine 
the effect of TBHP concentration on toluene oxidation (1, 2, and 3) 

shown in Fig. S3. The results are summarised in Table 4. Initially, with 
TBHP to toluene molar ratio of 1, toluene conversion was found to be 
22.8% at 353 K and 50 mg of catalyst. The conversion of toluene steadily 
increases to 36.5% when the TBHP to toluene molar ratio is increased 
from 1 to 3 at 353 K temperature and 50 mg catalyst amount. It is 
observed that the conversion of toluene increases with increasing TBHP 
to toluene molar ratio. Therefore, we performed the optimization at a 
TBHP to toluene molar ratio of 3. With increasing molar ratio of TBHP to 
toluene from 1 to 3, a toluene conversion of 39.7 to 81.2% was found at 
393 K and 100 mg catalyst amount. Fig. S4 shows that if we increase the 
catalyst loading from 50 to 100 mg, the conversion of toluene increases 

Scheme 2. Oxidation of toluene over LDH-[NAPABA-Cr(III)].  

Table 3 
Effect of oxidants and solvents for the oxidation of toluene over LDH-[NAPABA- 
Cr(III)] heterogeneous catalyst.  

Entry Oxidants Solvents Toluene Conversion 
(%) 

Selectivity 
(%) 

TON     

BA BZ  

1 H2O2 Solvent- 
free 

– – – – 

2 O2 Solvent- 
free 

37.3 77.9 22.1 339 

3 70% 
TBHP 

Solvent- 
free 

48.5 72.8 27.2 441 

4 TBHP Solvent- 
free 

81.2 86.4 13.6 738 

5 TBHP Acetonitrile 49.3 79.5 20.5 448 
6 TBHP Acetone 10.7 78.2 21.8 97 
7 TBHP Benzene 31.4 72.8 27.2 286 
8 TBHP Methanol 15.3 54.8 45.2 139 

BZ: benzaldehyde, BA: benzoic acid; TBHP: 74% TBHP in toluene; Reaction 
conditions: toluene (14 mmol); TBHP (42 mmol), catalyst (100 mg), temperature 
(393 K), time 5 h. 

Table 4 
Oxidation of toluene over LDH-[NAPABA-Cr(III)] at various conditions.  

TBHP: 
toluene 
molar 
ratio 

Catalyst 
Amount 
(mg) 

Temperature 
(K) 

Toluene 
conversion 
(%) 

Selectivity 
(%) 

TON     

BA BZ  

1 50 353 22.8 45.8 54.2 414 
2 50 353 31.4 56.4 43.6 571 
3 50 353 36.5 68.9 31.1 664 
3 100 353 49.5 74.3 25.7 450 
3 100 373 67.1 85.9 14.1 610 
3 100 393 81.2 86.4 13.6 738 
1 100 393 39.7 77.1 22.9 361 
2 100 393 62.9 82.5 17.5 572 
3 50 393 35.2 76.2 23.8 640 
3 75 393 47.6 71.5 28.5 573 

BZ: benzaldehyde, BA: benzoic acid; TON: turnover number; time: 5 h. 

Table 5 
Comparison of toluene oxidation catalysts from the literature and our catalyst 
system.  

Catalyst Oxidant Time 
(h) 

Toluene 
conversion 
(%) 

Selectivity of 
BA (%) 

Ref. 

Co-MOF- 
74@Mn- 
MOF-74-4 

TBHP 6 22.4 0.9 [36] 

Cu/Co-ZNC TBHP 12 56.4 98.5 [6] 
Cu/grapheme H2O2 8 11.5 66.5 [7] 
MnOx/SBA- 

15 
TBHP 1 24.7 8.3 [37] 

MnCo-MOF- 
74 

TBHP 6 17.6 – [38] 

NDHPI- 
epoxy/Co- 
SBA-15 

TBHP 7 29.9 89.3 [39] 

Co-MC TBHP 6 9.0 92.4 [40] 
LDH- 

[NAPABA- 
Cr(III) 

TBHP 7 81.2 86.4 Present 
work  
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gradually from 35.2 to 81.2% with 76.2 to 86.2% selectivity to benzoic 
acid at 393 K after 5 h due to the high catalyst loading that provides a 
higher active center where the reaction occurs. This indicates that the 
larger the active site of the catalyst, the higher the catalytic activity. 
Table 5 compares our catalyst to previously reported catalysts. [36–40]. 

Similarly, it is observed that as the temperature increases from 353 to 
373 K, the conversion of toluene increases from 49.5 to 81.2% shown in 
Fig. S5. With a further increase in temperature to 393 K, the conversion 
also increases to 81.2%. This may be due to the increase in the effective 
collision of the substrate at the higher temperature. Therefore, 393 K is 
considered the best reaction temperature. At all reaction temperatures, 
benzoic acid was the major product. Thus, overall optimal conditions for 
obtaining the maximum conversion of toluene are a TBHP to toluene 
molar ratio of 3, 100 mg catalyst, and a temperature of 393 K. 

3.3. Recycling of the catalyst 

The recycling experiment was carried out to investigate the stability 
and reusability of LDH-[NAPABA-Cr(III)] in toluene oxidation under 
optimized conditions. The catalyst was removed from the reaction 
mixture by filtering, washed multiple times with various solvents 
(methanol, acetone, and acetonitrile), and then dried at 333 K overnight 
to remove the adsorbed solvent molecules from the catalyst surface. The 
washed catalyst was then put through a series of catalytic runs. Within 
seven repeated cycles with the catalyst regeneration, the conversion of 
toluene steadily dropped from 81.2 to 80.6% as shown in Fig. 7. The loss 
of catalyst during washing after each cycle might be causing the 
reduction in toluene conversion. This indicates that the catalyst was 
stable during the catalytic process and may be recycled. XRD, BET sur
face area, and ICP-AES were used to further analyze the recovered 
catalyst (Table 1). The results reveal that there were no significant al
terations after recycling. This suggests that the recovered catalyst was 
stable and reusable. 

3.4. Hot filter experiment 

A hot filter experiment was carried out under optimum reaction 
conditions to test the heterogeneity of the LDH-[NAPABA-Cr(III)] cata
lyst for the oxidation of toluene. To minimize re-adsorption of leached 
chromium onto the catalyst surface, the catalyst was filtered away after 
1 h of reaction time in the first cycle at 393 K. After 1 h of the first cycle, 
the filtrate was poured back into the reaction flask, and the reaction was 
continued for the following 5 h. The gas chromatographic examination 

revealed that the conversion of toluene does not increase further; also, 
the reaction mixture did not exhibit any colour, indicating the lack of 
chromium, as determined by atomic absorption spectroscopy. The hot 
filter experiment results show that there was no metal leaching occurred 
during the catalytic process. This finding suggests that the catalyst was 
heterogeneous in nature. 

3.5. Plausible mechanism for the toluene oxidation 

The radical scavenger 2,6-di-tert-butyl-4-methylphenol (BHT) was 
employed as a quenching reagent in the quenching experiment to 
determine the mechanism of toluene oxidation. We did two sets of re
actions at the same time. The first set of reactions was carried out 
without BHT, with toluene conversion increasing steadily for up to 5 h at 
393 K. The second set of the reaction was conducted in the presence of 
BHT, with BHT being introduced after 2 h of reaction and the reaction 
continuing for another 5 h. The conversion of toluene did not increase 
with the addition of BHT, according to gas chromatographic analyses. 
The radical scavenger captures the free radical generated during the 
oxidation reaction, causing the reaction to cease. The quenching 
experiment shows that the oxidation reaction takes place through a free- 
radical pathway. 

The aforementioned experiment and published literature were used 
to develop a plausible mechanism [41]. A plausible mechanism for the 
oxidation of toluene over the LDH-[NAPABA-Cr(III)] catalyst has been 
suggested in Scheme 3. Firstly, when t-BuOOH coordinates to the Cr(III) 
metal center give rise to chromium hydroperoxide species, which on 
decomposition leads to the formation of tert-butoxy radical (t-BuO•) and 
chromium hydroxide species. Then chromium hydroxide species again 
interact with another oxidant molecule (t-BuOOH) and generate chro
mium hydroperoxide species and water molecule. Then, the Cr-O bond 
of chromium hydroperoxide species is broken, resulting in the regen
eration of the catalyst and the produces tert-butylperoxy radicals (t- 
BuOO•). This tert-butylperoxy radicals react with toluene in the second 
stage to generate tert-butylperoxytoluene. The tert-butylhydroxytoluene 
is highly unstable, hence decomposed to benzaldehyde by the elimina
tion of tert-butanol. Benzaldehyde on further oxidation converted to 
benzoic acid. 

4. Conclusions 

In this study, we explored the synthesis, characterization, and cata
lytic activity of LDH-[NAPABA-Cr(III)] for the solvent-free oxidation of 
toluene with tert-butyl hydroperoxide as an oxidant. The heterogeneous 
catalyst shows a maximum 81.2% conversion of toluene with 86.4% 
benzaldehyde selectivity under optimized reaction conditions. The hot 
filter experiment suggested that the catalyst is stable and recyclable up 
to seven times without any significant loss of catalytic activity. 
Furthermore, a free-radical reaction preceded the oxidation of toluene. 
The octahedral geometry of the Cr(III) Schiff base complex was eluci
dated by the EPR parameters. 
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