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n of hindered amines to nitroxide
radicals with hydrogen peroxide over layered
double hydroxide
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Bowei Wang *ab and Yang Li *a

Alkoxylation of hindered amine light stabilisers is a common strategy to reduce their basicity and expand

their application scope. However, the current catalysts used for preparing the nitroxide radical

intermediates are limited by their separation and recycling properties. To address this issue, this study

proposes a method for the preparation of hindered amine nitroxide radical intermediates using hydrogen

peroxide as the oxidant and layered double hydroxides (LDHs) as heterogeneous catalysts. Excitingly,

when using only 5.00 wt% LDHs with a Mg/Al ratio of 3 : 1, both the conversion of the hindered amine

and the selectivity towards the corresponding nitroxide radical exceeded 99.9%. Moreover, the catalyst

was recyclable and could be reused for more than five cycles without significant loss of its activity.

Theoretical calculations and radical trapping experiments revealed that LDHs act as solid bases to

promote the decomposition of hydrogen peroxide into reactive oxygen species (ROS), thereby

synergistically oxidizing hindered amines to nitroxide radical intermediates. The key influencing factors

for the catalytic performance were found to be the types and proportions of metal ions in the LDHs. This

study has provided a new pathway for the oxidation of hindered amines to the corresponding nitroxide

radicals.
1 Introduction

Hindered amines (HA) have become highly efficient light sta-
bilisers due to their efficient free radical capture and regener-
ation mechanisms.1 However, the strong alkalinity of the
hindered piperidine limits its application with acidic materials
or acidic additives. To improve the compatibility of HA, low
basicity and high compatibility have been achieved by alkox-
ylation of HA.2 However, the nitroxide radicalisation of HA is
a key step for the alkoxylation of HA. Currently, Na2WO4 is the
most commonly used catalyst for the oxidation of HA to nitro-
xide radical intermediates, offering relatively high substrate
conversion. However, given the characteristics of its homoge-
neous catalyst, it suffers from poor recoverability and limited
reusability. In contrast, Mg(OH)2, as a heterogeneous catalyst,
has also been explored in recent years.3,4 Nevertheless, it
generally exhibits low substrate conversion and poor product
selectivity, and its recovery from the nal product remains
challenging. From homogeneous catalysis with Na2WO4 to the
application of heterogeneous catalysts such as Mg(OH)2, the
development of catalysts for the nitroxylation of HA has
consistently progressed towards highly efficient and recyclable
logy, Tianjin University, Tianjin 300350,

ang777@tju.edu.cn

aoxing 312300, P.R. China

the Royal Society of Chemistry
heterogeneous systems. Therefore, there is an urgent need for
a novel heterogeneous catalyst that not only efficiently activates
hydrogen peroxide but also possesses excellent stability and
good recyclability.

Layered double hydroxides (LDHs), also known as hydro-
talcites, and their calcined products – layered double oxides
(LDOs), have attracted intensive attention in recent years due to
their wide applications in environmental remediation,5,6

biomedicine,7,8 heterogeneous catalysis,9,10 and
photocatalysis.11–13 In advanced oxidation processes (AOPs) for
wastewater treatment, LDHs are commonly used to catalyse
hydrogen peroxide to generate reactive oxygen species (ROS) for
degradation of organic pollutants.14,15 These ROS are precisely
what are needed to convert HA into nitroxide radicals.16

Furthermore, the types and compositions of metal ions within
the layered hydrotalcites and the interlayer anions can be
adjusted, which is conducive to the optimization of the
performance of layered hydroxides. Furthermore, the tunability
of the metal ion composition in the brucite-like layers and the
interlayer anions enables LDHs with excellent modiability.17

As heterogeneous catalysts, they offer ease of separation and
recyclability.18 Therefore, the use of LDHs as heterogeneous
catalysts for the H2O2-driven oxidation of HA to generate
hindered amine nitroxide radicals is highly promising.

Therefore, a series of carbonate-intercalated LDH catalysts
with diverse metal ions were synthesised and employed to
RSC Adv., 2025, 15, 36769–36777 | 36769
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Fig. 1 Generation of reactive oxygen species from hydrogen peroxide
catalysed by LDHs for the oxidation of HA to nitroxide radical of HA.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

12
:5

0:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
catalyse the oxidation of 4-hydroxy-2,2,6,6-
tetramethylpiperidine (HTEMP) to 4-hydroxy-2,2,6,6-
tetramethylpiperidine-1-oxyl (HTEMPO) by hydrogen peroxide.
Using 5.00 wt% Mg–Al layered double hydroxide (MgAl-LDH,
with a Mg/Al ratio of 3 : 1) as the catalyst, HTMEP was effi-
ciently oxidised by hydrogen peroxide to its corresponding
nitroxide radical. Both the conversion of HTMEP and the
selectivity of HTMEPO exceeded 99.9%. Furthermore, the
inuence of the types and contents of metal ions in LDHs on the
catalytic performance of LDHs was also investigated. The cata-
lytic mechanism and reaction pathway were explored by trap-
ping and quenching ROS involved in the reaction. The reaction
pathway was proposed and illustrated in Fig. 1.

2 Experiments
2.1 Materials and methods

Mg(NO3)2$6H2O (AR), Al(NO3)3$9H2O (AR), Cu(NO3)2$3H2O
(AR), Fe(NO3)3$9H2O (AR), Ni(NO3)2$6H2O (AR), Co(NO3)2$6H2O
(AR), Zn(NO3)2$6H2O (AR), Na2CO3 (AR), MeOH (AR), EtOH
(AR), CH2Cl2 (DCM,AR), and deionised water were all purchased
from Tianjin Damao Chemical Reagent Factory. NaOH (AR) was
supplied by Tianjin Chemical Reagent Plant No. 6. 4-Hydroxy-
2,2,6,6-tetramethylpiperidine (98%), coumarin-3-carboxylic
acid (98%), sodium tungstate (99%) and nitro blue tetrazo-
lium chloride (NBT, IND) were obtained from Tianjin Heowns
Biochemical Technology Co., Ltd. 1,4-Diphenyl-1,3-butadiene
(DPBF, 97%) was purchased from Shanghai Dibai Chemical
Co., Ltd. p-Benzoquinone (p-BQ, 99%) and b-carotene (97%)
were obtained from Shanghai Macklin Biochemical Co., Ltd.
The hindered amine stabiliser SEED (N,N0-bis(2,2,6,6-
tetramethyl-4-piperidyl)-1,3-benzenedicarboxamide, 99%) was
purchased from Jiangsu Xinluda Polymer Materials Co., Ltd.
Hydrogen peroxide aqueous solution (30%, GR) was obtained
from Aladdin Reagent Co., Ltd, Shanghai.

2.1.1 Preparation of Mg–Al hydrotalcite (MgAl-LDH).
Mg(NO3)2$6H2O (3.85 g, 15.0 mmol) and Al(NO3)3$9H2O (1.88 g,
5.00 mmol) were dissolved in 25.0 mL water to afford solution A.
NaOH (3.60 g, 90.0 mmol) and Na2CO3 (1.06 g, 10.0 mmol) were
dissolved in 25.0 mL water to yield solution B. Solutions A and B
36770 | RSC Adv., 2025, 15, 36769–36777
were simultaneously added dropwise to a four-necked round-
bottom ask containing 25.0 mL of water at 25.0 °C under
stirring. During the co-precipitation process, the pH of the
reaction mixture was maintained between 11 and 12 by the
addition rate of solution B. The resulting slurry was aged at
80.0 °C for 8.00 hours. The precipitate was collected by ltra-
tion, thoroughly washed with water, and dried at 80.0 °C for
24.0 hours to afford the MgAl-LDH with a molar ratio of 3 : 1. A
series of LDHs with a divalent-to-trivalent cation ratio of 3 : 1
were similarly synthesised, including NiAl, CuAl, and ZnAl.

CoAl, MgFe, NiFe, CuFe, ZnFe, and CoFe LDHs were syn-
thesised under the same conditions as above (the correspond-
ing experimental details are described in Section 8 of the SI).
2.2 Characterisation methods

The characteristic structure of synthesised LDHs was identied
by X-ray diffraction (XRD, PANalytical B.V. XPERTPRO). Fourier
transform infrared spectroscopy (FTIR, FEI USA, Inc. iS50) was
employed to analyse the characteristic absorption bands of
hydroxyl groups and interlayer anions. The microstructure and
morphology of the LDHs were observed using eld emission
scanning electron microscopy (FE-SEM, FEI Czechoslovakia,
Inc. Apreo S). UV-vis spectrophotometry (UV-vis LINESA L8) was
employed to monitor the generation of reactive oxygen species
in real time during the reaction process. Gas chromatography
(GC, Agilent Inc. USA. SP-7890 PLUS) equipped with an Agilent
DB-17 capillary column was used to determine the reaction
conversion and selectivity. Electron paramagnetic resonance
spectroscopy (EPR, Bruker, Germany EMX plus), with 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) as the spin-trapping
agent, was applied to detect reactive oxygen species in the
reaction system. Thermogravimetric analysis (TGA, NETZSCH,
Germany) was performed to record the thermal decomposition
behaviour of the LDHs. CO2 temperature-programmed desorp-
tion (CO2-TPD, Microtrac BELCat II) was used to evaluate the
alkaline strength and quantity of LDHs. X-ray photoelectron
spectroscopy (XPS, Thermo Fisher) was conducted to collect
survey spectra and high-resolution O 1s spectra.
2.3 Experimental protocol

2.3.1 Nitrogen–oxygen radicalisation reaction. HTEMP
(1.57 g, 0.0100 mol) and 15.0 mL water were added to a 100 mL
round-bottomed ask. Subsequently, a specied amount of
LDHs and 30.0% aqueous hydrogen peroxide solution were
added to the reaction vessel. The mixture was stirred at 60.0 °C
for 8.00 hours. The conversion and selectivity were determined
by GC. Five reaction cycles were carried out under optimized
conditions to evaluate the cycle application performance of the
optimal catalyst.

2.3.2 Nitroxyl radicalisation of the hindered amine light
stabiliser SEED. SEED (1.00 g, 2.25 mmol), MgAl-LDH (50.0 mg,
5.00 wt%) and 15.0 mL ethanol were added to a 50 mL round-
bottom ask. Subsequently, 30.0% aqueous hydrogen
peroxide (4.09 mL, 36.1 mmol) was added, and the mixture was
stirred at 60.0 °C for 8.00 hours.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05993c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

12
:5

0:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
In a parallel experiment, SEED (1.00 g, 2.25 mmol), Na2WO4

(50.0 mg, 5.00 wt%), and 15.0 mL of ethanol were introduced
into another 50 mL round-bottom ask, followed by the addi-
tion of 30.0% H2O2 solution (4.09 mL, 36.1 mmol). The reaction
was also conducted at 60.0 °C for 8.00 hours.
2.4 Density functional theory (DFT) calculation

All density functional theory (DFT) calculations were conducted
using Gaussian16 soware package, Revision C.01.19 Geometry
optimizations and single point calculations of all molecules
were performed with the M06-2X functional20 and the def2-
TZVP basis set.21 The vibrational frequencies of all species
were calculated at the same level and it was ensured that all
structures are stable.
3 Results
3.1 Preparation and characterisation of LDHs

A series of LDHs catalysts were prepared by co-precipitation
followed by hydrothermal treatment, which were classied as
Al-based or Fe-based catalysts according to the trivalent metal
ions incorporated. The XRD pattern of the MgAl-LDH catalyst
(Fig. 2) displayed a characteristic (003) diffraction peak at 11°,
along with a doublet peaks near 60° corresponding to the (110)
and (113) faces, conrming the successful synthesis of
LDHs.22–26 For LDHs synthesised with different metal ions, the
presence of the Jahn–Teller effect in certain ions induces lattice
distortion through stretching and compression of the layers. As
a result, the characteristic (003) diffraction peak of these LDHs
Fig. 2 (a) XRD patterns of Al-based hydrotalcites (b) XRD patterns of Fe-b
run (d) FTIR spectra of Al-based hydrotalcites (e) FTIR spectra of Fe-base
reaction cycles with recycling catalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
exhibits varying degrees of shi and changes in full width at
half maximum (FWHM). To further conrm that the incorpo-
rated Jahn–Teller-active metal ions inuence the XRD patterns
of the synthesised LDHs, we performed SEM characterisation.27

The image of SEM (Fig. S1) revealed that MgAl-LDH exhibited
a relatively smooth and regular surface, indicating no signi-
cant Jahn–Teller distortion. In contrast, NiAl-LDH showed
evident agglomeration attributed to compressive-type distor-
tion, while CuAl-LDH displayed a transformation of grains into
rod-like structures, consistent with elongation-type distortion.
ZnAl-LDH, similar to MgAl-LDH, exhibited a smooth and
uniform morphology, suggesting the absence of a pronounced
Jahn–Teller effect. These observations were in good agreement
with the corresponding XRD results. SEM images of the other
LDHs shown in Fig. S1 exhibited the morphologies consistent
with their respective Jahn–Teller distortions and XRD pattern
variations. Energy-dispersive X-ray spectroscopy (EDS)
elemental mapping was also performed on the synthesised
catalysts (Fig. S2), conrming that the elemental distribution
was uniform and consistent with the initial 3 : 1 molar ratio of
divalent to trivalent metal ions.

The synthesised catalysts were characterised by FTIR (Fig. 2).
Both Al and Fe-based catalysts exhibited a broad absorption
band around 3480 cm−1 corresponding to surface hydroxyl
groups,28 and a characteristic band near 1360 cm−1 attributed to
interlayer carbonate anions.29–34 Additionally, metal–oxygen (M–

O) vibrations associated with the hydroxide layers were
observed in the ngerprint region,35 conrming the successful
synthesis of various types of hydrotalcites. Therefore, XRD and
FTIR characterisations conrmed the successful formation of
ased hydrotalcites (c) the XRD patterns of the recycling catalyst for each
d hydrotalcites (f) the conversion and selectivity of each run of the five

RSC Adv., 2025, 15, 36769–36777 | 36771
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the layered structure of the LDHs and the intercalation of
carbonate anions between the layers.
3.2 Optimisation of nitroxide radicalisation conditions and
reusability of catalyst

3.2.1 Optimal reaction conditions for hindered amine N-
oxidation. The reaction was monitored by GC, and the reaction
conditions was optimized upon the criteria shown in SI. The
results indicated that the highest conversion of HTEMP and
selectivity toward HTEMPO were achieved using 5.00 wt%MgAl-
LDH and 8.00 equivalents of hydrogen peroxide at 60.0 °C for
8.00 hours. In contrast, LDHs containing Fe3+, Cu2+, or Co2+

exhibited poor catalytic performance, likely due to their strong
catalytic activity on the decomposition of hydrogen peroxide
into oxygen, leading to a signicant loss of the oxidant.36,37

3.2.2 Reusability of the catalyst. To verify the stability of
MgAl-LDH, ve consecutive catalytic cycles were conducted
using the optimised catalyst dosage identied in the screening
experiments. The results are presented in Fig. 2f. Additionally,
the catalyst aer each cycle was characterised by powder X-ray
diffraction (Fig. 2c).

Aer ve reaction cycles, the conversion and selectivity of the
reaction were maintained with this catalyst. The XRD results
Fig. 3 (a) Fluorescence emission spectra of C3C at the initial stage of the
(b) EPR spectra of DMPO cOH and O2c

−. (c) Time-dependent UV absorp
dependent UV absorption spectra of DPBF capturing 1O2 in the reaction

36772 | RSC Adv., 2025, 15, 36769–36777
conrmed that the lamellar structure of the hydrotalcite
remained intact without any collapse or signicant changes,
demonstrating the excellent stability and reusability of MgAl-
LDH.
3.3 Catalytic mechanism study

3.3.1 Capture of hydroxyl radicals. Coumarin-3-carboxylic
acid (C3C) was employed as a probe to detect hydroxyl radi-
cals (cOH) in the system. As demonstrated by the uorescence
measurements (Fig. 3a), the reaction solution exhibited
a signicant increase in uorescence intensity at 450 nm,
indicating that C3C effectively trapped cOH to form 7-
hydroxycoumarin-3-carboxylic acid (7HC3C)38,39(Fig. S3). The
strong uorescence enhancement conrmed the generation of
hydroxyl radicals under the above reaction conditions.

3.3.2 Capture of superoxide anions. Nitroblue tetrazolium
(NBT) was used to trap superoxide anions (O2c

−) in the reaction
system. UV-vis absorption measurements (Fig. 3c) revealed
a gradual increase in absorbance at 520 nm as the reaction
proceeded, indicating that NBT effectively trapped O2c

− to yield
formazan (Fig. S3).40 The accumulation of this product resulted
in enhanced absorbance, conrming the generation of super-
oxide anions under the above reaction conditions. To exclude
reaction and 7HC3C formed by C3C capturing cOH during the reaction.
tion spectra of NBT capturing O2c

− in the reaction solution. (d) Time-
solution.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the potential interference caused by hydroxyl radicals, electron
paramagnetic resonance (EPR) spectroscopy was employed for
further analysis. Since DMPO can simultaneously react with
both cOH and O2c

−, the EPR spectra exhibited a composite
signal characteristic of both radical adducts.41 By tting the EPR
curves, the characteristic splitting pattern of the DMPO–O2c

−

adduct was identied (Fig. 3b), providing further evidence for
the presence of superoxide anions in the reaction mixture.

3.3.3 Capture of singlet oxygen. 1,3-Di-
phenylisobenzofuran (DPBF) was employed as a probe to detect
singlet oxygen (1O2) in the system. UV-vis absorption measure-
ments (Fig. 3d) demonstrated a gradual decrease in absorbance
at 410 nm as the reaction progressed, indicating that the DPBF
effectively trapped 1O2 (Fig. S3).42–45 The decline in absorbance
conrmed the generation of singlet oxygen under the above
reaction conditions.

3.3.4 Reaction mechanism and DFT calculations. To
identify the products and by-products formed in the reaction,
GC-MS analysis was performed. As shown in Fig. S4, in addition
to the starting material HTEMP (int1) and the target product
HTEMPO (int5), the by-product 2,2,6,6-tetramethylpiperidine-
1,4-diol (OHTEMPO, int6) was also detected. To elucidate the
roles of various reactive oxygen species (ROS) in the reaction,
radical quenching experiments were carried out. The results
(Fig. 4b) showed that quenching O2c

− with p-benzoquinone (p-
BQ) led to a sharp decrease in the conversion of HTEMP, indi-
cating that O2c

− have the most signicant impact on the reac-
tion. When b-carotene was used in an equivalent amount to
quench 1O2, the conversion of HTEMP also decreased, albeit to
a lesser extent than with p-BQ, suggesting that 1O2 also plays
a contributory role in the reaction.46–49 Moreover, when meth-
anol was used as a quencher for cOH,50 the conversion of
Fig. 4 (a) The interconversion of ROS and the proposedmechanism for t
and selectivity of the reaction in the quenching experiments of ROS. (c)
DFT.

© 2025 The Author(s). Published by the Royal Society of Chemistry
HTEMP remained essentially unchanged, while the selectivity
slightly increased. This suggested that cOH is primarily
responsible for the by-product OHTEMPO. To further investi-
gate the roles of O2c

− and 1O2, a Fenton-like catalyst was con-
structed using LDHs containing Cu2+ and Fe3+ ions, which only
generated hydroxyl radicals and superoxide anions but not
singlet oxygen, as indicated by the results in Table S1.51 Under
these conditions, no signicant conversion of HTEMP was
observed, indicating that the presence of both cOH and O2c

−

alone is insufficient to oxidise HTEMP to HTEMPO. According
to relevant literature,52–54 1O2 could directly oxidise the int3
(Fig. 4a) formed from the reaction of hindered amines with cOH
and O2c

−, generating int4 (Fig. 4a). This int4 can further
undergo homolytic cleavage with another int3 to form the cor-
responding hindered amine N-oxide. Moreover, hydroxyl radi-
cals, superoxide anions, and singlet oxygen, as common
reactive oxygen species, are capable of interconversion under
certain conditions.55–60 Thus, a catalytic mechanism with LDHs
as catalysts was proposed (Fig. 4a): LDH acts as a solid base to
catalyse the conversion of H2O2 into its conjugate base HO2

−

(Fig. S8), which subsequently reacts with another H2O2 mole-
cule to generate cOH and O2c

−. Through interconversion among
the ROS, singlet oxygen is eventually formed. Then, HA reacts
with cOH to generate int2, which further reacts with cOH or O2c

−

to yield int3. Then int3 reacts with 1O2 or cOH to form int4 or by-
product (int6), and int4 subsequently couples with int3 to afford
the desired product (int5).

Based on the proposed mechanism, four possible pathways
(ac, ad, bc, and bd) were identied for the transformation from
intermediate int3 to the nal product int5. To further verify the
reaction pathway, DFT calculations were performed for each
route involved in the reaction mechanism. As shown in Fig. 4c
he oxidation of hindered amines to nitroxyl radicals. (b) The conversion
The variation in DG along different reaction pathways as calculated by

RSC Adv., 2025, 15, 36769–36777 | 36773
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and Table S5, the theoretical calculation results indicated that
for the formation of the target product int5, bc pathway exhibits
the largest negative DG, suggesting it is the most thermody-
namically favourable route. For by-product int6, the DG change
along bd pathway is the greatest, indicating that this route is
more favourable for the formation of by-product int6. Moreover,
int6 can be oxidised by the superoxide anion to int5 through
a relatively low activation barrier (6.72 kcal mol−1) Theoretical
calculations and ROS transformation analysis indicated that
cOH primarily oxidise int1 to int3, while 1O2 is mainly respon-
sible for the oxidation of int3 to the target product int5. In
parallel, int3 can also be oxidised by cOH to generate by-product
int6. Superoxide anion, in addition to serving as essential
precursors for 1O2 formation, also contribute to oxidizing part
of int6 into int5.61–65 This mechanistic insight explains why
quenching O2c

− leads to a more signicant decrease in
conversion compared to the quenching of 1O2. According to the
proposed mechanism, a higher concentration of singlet oxygen
facilitates conversion increasing in the system. The ROS trans-
formation pathways suggest that protic solvents favour the
generation of 1O2. To further verify this mechanism, di-
chloromethane, a non-protic solvent, was employed. The
experimental results (Fig. 4b) showed a signicant decrease in
conversion, providing additional conrmation of the proposed
mechanism.
3.4 Investigation on the factors inuencing the catalytic
performance of the catalyst

According to the above work, hydrotalcite-like catalysts catalyse
the decomposition of hydrogen peroxide to generate reactive
oxygen species. The key factors inuencing their catalytic
performance are the type of intercalated anion,66,67 the extent of
surface hydroxyl group exposure, and the strength of the metal
ion interaction with surface hydroxide. To identify the primary
factors, various hydrotalcite-like systems were further
investigated.

3.4.1 Effect of intercalation anions. To assess the effect of
interlayer anions, nitrate-intercalated MgAl-LDH was syn-
thesised as a comparison to the carbonate-intercalated MgAl-
LDH. XRD characterization (Fig. S5) conrmed the successful
synthesis of nitrate-intercalated LDH.68 The results (Table 1)
showed no signicant difference in conversion of the reaction,
indicating that interlayer anions are not a key factor for this
reaction.

3.4.2 Effect of the number of hydroxyl groups exposed on
the surface. The number of hydroxyl groups exposed on the
LDH lamellae is inuenced by both the type of metal ions and
their molar ratios. This quantity can be quantitatively compared
by analysing the peak areas in CO2 temperature-programmed
Table 1 Effect of interlayer anions

Anion types Con. Sel.

CO3
2− 99.89% 99.29%

NO3
− 99.56% 95.94%

36774 | RSC Adv., 2025, 15, 36769–36777
desorption (CO2-TPD) proles. To investigate the effect of
metal ion ratios with the same metal species, MgAl LDHs with
Mg/Al molar ratios of 1 : 1 and 4 : 1 were synthesized (Fig. S6).
Additionally, MgAl-LDH, NiAl-LDH, ZnAl-LDH, and MgFe-LDH
samples exhibiting catalytic activity as shown in Table S1 were
selected. These LDHs were sequentially labelled as Mg1Al,
Mg4Al, Mg3Al, Ni3Al, Zn3Al, and Mg3Fe. Then, they were sub-
jected to CO2-TPD test respectively. The results (Fig. 5b and c)
showed that at desorption temperatures below 130 °C, corre-
sponding to surface-exposed hydroxyl groups, the peak areas—
reecting hydroxyl quantity—followed the order: Mg3Al > Ni3Al
> Mg4Al > Mg3Fe > Mg1Al > Zn3Al. The observed order in the
number of exposed hydroxyl groups can be attributed to the
inuence of the Jahn–Teller effect on the LDH layers. This
effect, through lattice stretching and compression, alters the
number of surface hydroxyl groups exposed in different LDHs.
To conrm that the desorption below 130 °C corresponded to
interlayer water instead of dehydration from hydroxyl groups,
TGA was conducted for Mg3Al, Ni3Al, Zn3Al, and Mg3Fe
(Fig. 5a). The TGA curves conrmed that below 130 °C, only
interlayer water was lost, whereas dehydration of hydroxyl
groups happened at a higher temperature, validating the accu-
racy of the CO2-TPD quantication.

However, the order of exposed hydroxyl quantity did not
correlate with catalytic activity as observed in Table S1. Notably,
when using 2.50 wt% Mg4Al for the oxidation of HTEMP,
despite having fewer exposed hydroxyl groups than Mg3Al, the
conversion efficiency was comparable to that of 5.00wt% Mg3Al
(Table S6). These ndings indicated that the number of
hydroxyl groups exposed on the LDH layers is not the deter-
mining factor for their catalytic performance in this system.

3.4.3 The inuence of metal ions on the interaction
strength with surface hydroxyl groups. For this reaction system,
the weaker the interaction between the metal cations and the
surface hydroxyl groups, the higher the electron cloud density of
the hydroxyl groups, thereby imparting stronger basicity to the
metal hydroxides. This enhanced basicity facilitates the cata-
lytic conversion of hydrogen peroxide into its conjugate base
(HO2

−), thus improving the catalytic activity.69,70 In other words,
the stronger the basicity of the LDH, the better its catalytic
performance. For LDHs composed of different metal ions, their
basicity is primarily determined by the divalent metal cations
and can be compared using the pKb values of the corresponding
metal hydroxides. According to the optimized conditions shown
in Table S1, the catalytic activity of the tested catalysts followed
the order: Mg3Al > Zn3Al > Ni3Al, which is consistent with the
basicity order of their corresponding hydroxides (Mg(OH)2 >
Zn(OH)2 > Ni(OH)2). This further conrmed that the catalytic
activity of LDHs is closely related to their basicity.

The basicity of Mg1Al, Mg3Al, andMg4Al with the same ionic
type but different metal ratios can be evaluated by the CO2

desorption temperatures observed in CO2-TPD and the binding
energy of oxygen in the O 1s spectra obtained from XPS analysis.
According to the normalized TPD results (Fig. 5e), the CO2

desorption temperature followed the order Mg4Al > Mg3Al >
Mg1Al, indicating that Mg4Al has the strongest CO2 adsorption
capacity and thus the highest basicity, followed by Mg3Al and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) TG of Mg3Al in red, TG of Ni3Al in green, TG of Zn3Al in blue, and TG of Mg3Fe in brown (b) CO2-TPD test plot (c) Local zoom in of
CO2-TPD (d) Local zoom in of CO2-TPD with different Mg–Al ratios (e) Normalised CO2-TPD with different Mg–Al ratios (f) Split-peak fit of XPS
test O 1s for Mg1Al (g) Split-peak fit of XPS test O 1s for Mg3Al (h) Split-peak fit of XPS test O 1s for Mg4Al(I) Normalised XPS test O 1s plot.
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Mg1Al with the weakest basicity.71 Based on the binding energy
of O 1s from XPS analysis (Fig. 5i), the O 1s binding energy
decreased in the order Mg1Al > Mg3Al > Mg4Al. Since a lower O
1s binding energy corresponds to stronger basicity,72 this result
conrmed the basicity order of Mg4Al > Mg3Al > Mg1Al, which
is consistent with the observed superior catalytic performance
of Mg4Al. Additionally, deconvolution of the O 1s XPS spectra
(Fig. 5f–h) revealed that the surface hydroxyl group content
follows the order Mg3Al > Mg4Al > Mg1Al, which agrees with the
CO2-TPD results discussed in Section 3.4.2, further validating
the reliability of the characterization.
3.5 Application of the hydrotalcite catalytic system on SEED

To further evaluate the practical potential of this system, a bi-
dentate hindered amine light stabiliser (SEED) was selected for N-
oxidation to its corresponding nitroxide radical. Using ethanol as
the solvent and following the same experimental conditions as
described in Section 3.2.1, the SEED conversion reached 99.68%
and the product selectivity reached 99.47%. In contrast, the
conventional Na2WO4 catalytic system yielded a conversion of
97.59% and a selectivity of 92.02%. These results demonstrated
that the LDH-H2O2 catalytic system offers excellent catalytic
performance and can be easily recovered by simple ltration and
reused, signicantly reducing production cost.
4 Conclusions

LDHs with various metal compositions were synthesized and
applied to catalyse the nitroxidation of hindered amines. Among
© 2025 The Author(s). Published by the Royal Society of Chemistry
them, the MgAl-LDH with a Mg/Al molar ratio of 3 : 1 demon-
strated excellent catalytic performance: with a catalyst loading of
5.00 wt% relative to the substrate, it achieved over 99% conver-
sion of HTEMP and over 99.0% selectivity toward HTEMPO, and
could be reused for more than ve consecutive cycles. Although
the MgAl-LDH with a Mg/Al ratio of 4 : 1 exhibited even higher
catalytic activity, its synthesis yield was signicantly lower. This
reduction in yield is attributed to the aggregation of LDH nano-
sheets caused by the excessive Mg/Al ratio,73 a phenomenon
directly observable via SEM (Fig. S7). Considering both catalytic
efficiency and practical feasibility, the Mg/Al = 3 : 1 LDH shows
greater potential for real-world application. ROS trapping and
quenching experiments, along with the identication of key
reaction intermediates, conrmed that the catalytic process
involves LDH functioning as a solid base to activate hydrogen
peroxide, generating hydroxyl radicals and O2c

−. These species
can be further converted into 1O2, and the synergistic action of all
three ROS leads to the formation of the desired nitroxide radical.
TGA, CO2-TPD, and XPS characterisations revealed that the
primary factor inuencing the catalytic activity is the type and
distribution of metal cations in the LDH catalyst, rather than the
interlayer anions or the number of exposed hydroxyl groups. This
study expands the catalytic applications of LDHs as solid bases
and presents a novel, green, and efficient approach for the N-
oxidation of hindered amines.
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