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Continuous synthesis of triacetonamine over
sulfonic acid-functionalized mesoporous silicas

Jun Tian,ab Ligong Chen,ab Chao Zhang,a Xilong Yana and Yang Li*a

The continuous synthesis of triacetonamine from acetone and ammonia was realized over sulfonic acid-

functionalized mesoporous silicas. These catalysts were characterized by TG, XPS, BET, elemental

analysis and acid–base titration. The results indicated that both the acidity and the textural properties of

the catalysts had significant influences on the catalytic performance. Meanwhile, the effects of reaction

parameters on the reaction of acetone and ammonia were investigated. Based on the experimental

results, the reaction mechanisms were speculated.
1. Introduction

Hindered amine light stabilizers (HALS) have been widely
applied to polymeric materials for the exclusive effect of light
stabilizers. Triacetonamine as the only origin of the 2,2,6,6-
tetramethylpiperidine ring is the basic material of HALS and
plays an important role in this eld. As early as 1880, Heinz1

reported the synthesis of triacetonamine via the conversion
of acetone to phorone and then reaction of phorone with
ammonia. Then, Hall2 directly obtained triacetonamine from
acetone and ammonia with CaCl2 in nine days. Obviously, the
one-step process has distinct advantage over the two-step
process. In order to improve the reaction efficiency, Ivan3–5

employed Lewis acids, protonic acids and their ammonium
salts as catalysts for the preparation of triacetonamine from
acetone and ammonia. Meanwhile, Tohru,6 Walter,7 Yutaka8

and Hartmut9 studied this reaction in the presence of acyl
chloride, CCl4, TiCl4 and sulfonyl chloride. And even Me2SO4

and hydrazine hydrogen halide salts were evaluated as cata-
lysts for the synthesis of triacetonamine by Manfred10 and
Bunji,11 respectively. However, quite complicated reactions
occurring in the system of acetone and ammonia make it very
hard to enhance the selectivity of triacetonamine with the
modest conversion of acetone.12 In addition, the aforemen-
tioned methods are all carried out in autoclave or ask. These
tedious work-up procedures and contaminated operations
restricted the development of triacetonamine. So it is very
imperative to further select catalysts and change the tradi-
tional processes. Continuous synthesis of triacetonamine
may be a good choice. However, there are few reports on this
aspect.
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In this paper, we try to establish a continuous process for the
synthesis of triacetonamine from acetone and ammonia over
sulfonic acid-functionalized mesoporous silicas in a xed-bed
reactor. These catalysts are characterized by thermogravimetric
analysis (TG), X-ray photoelectron spectroscopy (XPS), element
analysis, N2 adsorption and desorption experiments and acid–
base titration to clarify their structure–activity relationships.
Meanwhile, the inuences of reaction parameters on the reac-
tion of acetone and ammonia are investigated over functional-
ized catalysts. Based on the experimental results, the reaction
mechanisms are speculated.
2. Experimental
2.1 Reagents

Tetraethoxysilane (TEOS, Tianjin Guangfu Fine Chemical
Research Institute, China), 3-mecaptopropyltrimethoxysilane
(MPTMS, Qufu Chenguang Chemical Co., Ltd, China), the
poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide)
block copolymer templating agent Pluronic 123 (Shandong
Deshi Chemical Co., Ltd, China), H2O2, concentrated hydro-
chloric acid and ethanol (Tianjin Jiangtian Chemical Co., Ltd,
China) were all used as received.
2.2 Preparation of catalysts

The catalysts were prepared as follows: 20.0 g Pluronic 123 were
dissolved with stirring in 490 g water at room temperature and
then 8.2 mL concentrated hydrochloric acid was added to this
solution under vigorous stirring. The solution was heated to
40 �C and 38.9 g TEOS were added. Aer prehydrolysis for 2 h,
7.0 g, 14.0 g, 21.0 g and 28.0 g MPTMS were respectively added
to the above-mentioned reaction mixture followed by the addi-
tion of 42 mL 30 wt%H2O2. The reaction mixture was stirred for
20 h. The solid powder was obtained by ltration. Filtrate was
treated with active carbon. The solid and 150 mL of ltrate were
merged and aged at 90 �C in a polycarbonate bottle under static
This journal is © The Royal Society of Chemistry 2014
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Table 1 The catalytic performance of different catalysts on this
reactiona

Catalyst Conversionb (%) Selectivityc (%)

S-1 28.7 56.2
S-2 44.7 58.1
S-3 35.1 57.6
S-4 31.1 59.9

a Reaction conditions: temperature: 60 �C; molar ratio of ammonia/
acetone: 1 : 6; gas hourly space velocity (GHSV): 10.4 h�1. The each
data point is an average of three or more runs. b The conversion of
acetone. c The selectivity of triacetonamine.
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conditions for another 24 h. The product was recovered by
ltration, reuxing in ethanol for 4 h thrice and then dried at
50 �C for 6 h. The dried solid powder was kneaded vigorously
with 5 mL of acidic silica sol (25 wt%), followed by molding into
a cylinder with diameters of 3–3.5 mm by use of an extruder.
Then, the sample cylinders were dried at 65 �C for 12 h and cut
into small pieces with lengths of about 5 mm. These obtained
catalysts were denoted by S-1, S-2, S-3 and S-4, respectively.

2.3 Catalytic reaction

The condensation of acetone and ammonia was carried out in a
tubular, xed-bed reactor with an inner diameter of 15 mm and
a length of 650 mm, which was charged with 40 mL catalysts.
Acetone was dosed into the reactor by a syringe pump. The
ammonia ow rate was set by an S49 33/MT mass gas ow
controller. The temperature in the reaction zone was measured
by a thermocouple located in the center of the tube and con-
nected to a proportion integration differentiation cascade
controller. The reaction mixture was analyzed by gas chroma-
tography (GC) with a 30 m SE-54 capillary column and a Flame
Ionization Detector (FID). Moreover, the components of the
reaction mixture were identied by a gas chromatography-mass
spectrometry (GCMS) equipped with an HP-5 capillary column
(30 m � 0.25 mm, 0.2 mm lm thickness) and an ion trap MS
detector.

2.4 Catalyst characterization

Temperature–gravity properties of these catalysts, S-1, S-2 and
S-3, were measured with an STA 409PC thermo gravimetric (TG)
analyzer. The catalysts were heated from room temperature to
800 �C at a rate of 10 �C min�1 in a stream of N2 (40 mL min�1).
X-ray photoelectron spectroscopy (XPS) was recorded on a
PHI1600 spectrometer with an Mg Ka X-ray source for excita-
tion. Acid–base titrations were used to measure acid capacity of
the catalysts. Typically, 0.05 g catalyst was added to 10 mL 2 M
NaCl solution and stirred overnight. This solution was then
titrated with 0.01 M NaOH solution in the presence of phenol-
phthalein.13 Elemental analysis was carried out on a Vario Micro
cube element analyzer. N2 adsorption and desorption experi-
ments were performed in liquid nitrogen using a NOVA 2000e
analyzer (Quantachrome, US). The total surface area (SBET) was
calculated from the linear part of the Brunauer–Emmer–Teller
(BET). The micro pore volume (Vmicro) and the external surface
area (SEXT) were estimated by the t-plot. The pore-size distri-
butions were obtained using the method of Barrett–Joyner–
Halenda (BJH).

3. Results and discussion
3.1 Catalyst selection

As mentioned above, the reaction of acetone and ammonia is
quite complicated. A number of reversible reactions proceed
competitively at the same time. Many studies have demon-
strated that several compounds, like triacetonamine, acetonine,
phorone, diacetone alcohol, diacetonamine and mesityl oxide,
are co-existed in the reaction mixture.14 Therefore, the low
This journal is © The Royal Society of Chemistry 2014
selectivity of triacetonamine has persecuted the manufacturers
for a long time. In order to increase the selectivity of tri-
acetonamine, the improvement of catalysts is crucial. Today,
NH4NO3 is considered as a suitable catalyst for industrial
production and its nature is a Brønsted acid. So a strong
Brønsted acid may be efficient for the synthesis of triaceton-
amine. In addition, considering the excellent mechanical
strength and stability of silicone, we tried to immobilize
sulfonic acid on the silicone to yield catalysts S1, S2, S3 and S4.
Their catalytic performances were investigated and compared
with NH4NO3/g-Al2O3, NH4NO3/SiO2, kinds of sulfonic acid
resin and solid super acids, such as SO4

2�/ZrO2 and SO4
2�/TiO2.

The NH4NO3 supported catalysts and the solid super acids
exhibited shorter life due to the leaking of the active compo-
nents. The sulfonic acid resins normally suffer from easy
swelling, poor mechanical strength and low thermal stability,
which inhibited the application in continuous synthesis of tri-
acetonamine. However, the sulfonic acid-functionalized meso-
porous silicas displayed excellent mechanical strength and
thermal stability. Their catalytic performances were character-
ized and the obtained results were shown in Table 1. It was
found that with the increase of MPTMS content, the acetone
conversion increased from 28.7% to 44.7% and then decreased
to 31.1%. The triacetonamine selectivity remained essentially
unchanged. Catalyst S-2 exhibited better catalytic performance
than others. So it was speculated that not just the acidity, but
also the textual property of catalysts might have an important
effect on the catalytic performance.15–17 In order to verify this
speculation, catalysts, S-1, S-2 and S-3, were characterized by
TG, XPS, elemental analysis, acid–base titration and N2

adsorption and desorption experiments.
3.2 Catalyst characterization

3.2.1 TG. Thermogravimetric proles of the three catalysts
(Fig. 1) showed similar features, with two distinct weight losses
in the ranges of 25–100 �C and 250–750 �C, corresponding to the
desorption of physisorbed water and the degradation of the
immobilization fraction, respectively. The Fig. 1 clearly dis-
played that with the increase of MPTMS content, the extent of
functionalization increased. However, it was surprised that DTG
proles of these catalysts exhibited two peaks in the range of 300
to 600 �C. The reason may be attributed to the presence of non-
oxidized thiol groups, which was further demonstrated by XPS.
RSC Adv., 2014, 4, 17860–17865 | 17861
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Fig. 1 TG and DTG profiles of samples S-1, S-2 and S-3.

Fig. 2 XPS spectrum of sample S-2.

Fig. 3 N2 adsorption and desorption isotherms for S-1, S-2 and S-3.
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3.2.2 XPS. The sulfur 2p XPS spectrum for catalyst S-2 was
shown in Fig. 2. It indicated that there existed two states of
sulfur on the surface of catalyst S-2. A binding energy of about
169 eV corresponded to –SO3H and 164 eV corresponded to
–SH.18 Although XPS technique was only sensitive to close-to-
surface regions of catalysts, the results still gave a beautiful
illustration of the two peaks of DTG. Obviously, the total level of
functionalization did not reect the acidity of the catalysts.

3.2.3 Physical and textural properties. The carbon-to-sulfur
molar ratios were obtained by elemental analysis, which
reected the way of MPTMS immobilization. For the unreacted
Table 2 Physical and textural properties of sample S-1, S-2 and S-3

Catalyst
Bulk C/S
molar ratio

Bulk S
(m mol g�1)

Aciditya

(mmol g�1)
Surfa
(m2 g

S-1 3.26 1.38 0.76 598
S-2 3.67 1.84 0.98 548
S-3 3.84 2.50 1.02 464

a The acidity is determined by acid–base titration. b Mesopore volume (Vt

17862 | RSC Adv., 2014, 4, 17860–17865
MPTMS, the C/S molar ratio is six. When one methoxy group
reacted with a silanol group, the C/S ratio dropped by one. The
obtained results suggested that two or three methoxy groups on
MPTMS were condensed with silanol to form oxygen bridges on
the silica surface. Meanwhile, the results of elemental analysis
also showed the bulk sulfur content of the three catalysts, which
reected the total level of functionalization. The results were in
accordance with the TG experiment. The acidity of the three
catalysts was determined by acid–base titration and the results
(Table 2) indicated that with the increase of MPTMS content,
the acidity of catalyst increased from 0.76 to 1.02 mmol g�1. In
addition, the N2 adsorption and desorption experiments were
performed and the results were shown in Fig. 3. As Fig. 3 dis-
played, catalyst S-1 exhibited a typical isotherm of mesoporous
materials with a hysteresis. However, with the increase of the
functionalization level, the hysteresis disappeared gradually
and the N2 isotherms changed obviously from type IV to type I.
Catalyst S-3 exhibited a typical isotherm of microporous mate-
rials. Meanwhile, Table 2 showed that the surface area, the
mesopore volume and the average pore diameter decreased
sharply as the functionalization level increased. In general, the
decreases of the surface area certainly lead to the decreases of
catalytic activity. Moreover, the decreases of the mesopore
volume and the average pore diameter would respectively bring
down the amounts of effective active sites and hinder the
diffusion of acetone, which would lead to the decreases of
acetone conversion.
ce area
�1)

Pore volume
(cm3 g�1)

Meso pore
volumeb (cm3 g�1)

Average pore
diameter (nm)

0.63 0.466 4.18
0.51 0.351 3.71
0.30 0.123 2.57

otal � Vmicro), Vtotal is the total pore volume tested at p/p0 ¼ 0.99.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 The products of the reaction of acetone and ammonia.
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3.3 Catalytic activity

With S-2 as the catalyst, the inuence of molar ratio, tempera-
ture and GHSV on the reaction of acetone and ammonia were
investigated. The reaction mixture was analyzed by GC-MS. As
expected, mesityl oxide (MO), acetonine (AC), diacetone alcohol
(DAA) and diacetone amine (DAM) were detected. In addition,
2,6-dimethylhepta-2,5-dien-4-imine (DMD)19,20 and the high-
boiling substances (HBS) were also existed in the reaction
mixture. The structures of the aforementioned compounds were
described in Fig. 4.

3.3.1 The effect of ammonia/acetone molar ratio on the
reaction. As the name implies, triacetonamine is obtained from
three molecules of acetone and one molecule of ammonia.
There is no doubt that the molar ratio of ammonia to acetone
plays a crucial role in the synthesis of triacetonamine. There-
fore, the inuence of ammonia/acetone molar ratio on this
reaction was rst investigated and the results were shown in
Table 3. It could be seen that with the increase of ammonia/
acetone molar ratio from 1 : 12 to 1 : 6, both of the conversion
Table 3 The effect of ammonia/acetone molar ratio on the reactiona

Entry Molar ratio Conversionb (%)

Selectivity (%)

MO D

1 1 : 12 39.1 21.9 —
2 1 : 6 44.7 8.3 —
3 1 : 3 58.8 8.5 1

a Reaction conditions: temperature: 60 �C; GHSV: 10.4 h�1. The each data
c Triacetonamine was represented by TAA.

Table 4 The effect of temperature on the reactiona

Entry Temperature (�C) Conversionb (%)

Selectivity

MO

1 50 60.2 5.4
2 60 44.7 8.3
3 70 9.8 36.2

a Reaction conditions: ammonia/acetone molar ratio: 1 : 6; GHSV: 10.4
conversion of acetone. c Triacetonamine was represented by TAA.

This journal is © The Royal Society of Chemistry 2014
of acetone and the selectivity of triacetonamine increased.
When themolar ratio increased from 1 : 6 to 1 : 3, the selectivity
of triacetonamine decreased from 58.1% to 44.2%. However,
the selectivity of acetonine and the high-boiling substances
increased signicantly. Therefore, the decrease of triaceton-
amine selectivity must be mainly attributed to the formation of
acetonine and the high-boiling substances.

Diacetone alcohol and diacetone amine were also detected
and their selectivities were 1.0% and 4.7% at the ammonia/
acetone molar ratio of 1 : 3, respectively. Diacetone alcohol and
diacetone amine were normally concomitant in the synthesis of
triacetonamine from acetone and ammonia. In addition, Table
3 indicated that with the increase of ammonia/acetone molar
ratio from 1 : 12 to 1 : 6, the selectivity of mesityl oxide
decreased sharply. The condensation of acetone to mesityl
oxide might be the rst step in the synthesis of triacetonamine.
Once mesityl oxide was generated, it acted as the starting
materials to give diacetone alcohol, diacetone amine, acetonine
and triacetonamine through a series of reactions.

3.3.2 The effect of temperature on the reaction. The effect
of temperature on this reaction was also examined and the
results were summarized in Table 4. It was found that when the
temperature increased from 50 to 70 �C, the conversion of
acetone decreased dramatically and the selectivity of tri-
acetonamine increased from 27.2% to 58.1% and then
decreased to 26.3% at 70 �C. However, Table 4 clearly shows that
the selectivities of mesityl oxide and 2,6-dimethylhepta-2,5-
dien-4-imine were as high as 36.2% and 21.2% at 70 �C,
respectively. Obviously, the increase of temperature would
result in the decrease of ammonia concentration in liquid
phase, which inhibited the equilibrium from shiing right.
Therefore, 60 �C may be the optimal reaction temperature.

3.3.3 The effect of GHSV on the reaction. Gas Hourly Space
Velocity (GHSV) is another important parameter for the reaction
AA DAM DMD AC TAAc HBS

— 13.7 9.7 51.4 3.3
— 8.5 15.2 58.1 9.9

.0 4.7 4.7 22.4 44.2 14.5

point is an average of three or more runs. b The conversion of acetone.

(%)

DAA DAM DMD AC TAAc HBS

3.8 7.3 13.2 28.3 27.2 14.8
— — 8.5 15.2 58.1 9.9
— — 21.2 11.1 26.3 5.2

h�1. The each data point is an average of three or more runs. b The

RSC Adv., 2014, 4, 17860–17865 | 17863
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Table 5 The effect of GHSV on the reactiona

Entry GHSV (h�1) Conversionb (%)

Selectivity (%)

MO DAA DAM DMD AC TAAc HBS

1 20.7 Trace — — — — — Trace —
2 10.4 44.7 8.3 — — 8.5 15.2 58.1 9.9
3 5.3 60.2 8.9 2.4 3.4 11.0 11.2 49.4 13.7

a Reaction conditions: temperature: 60 �C; molar ratio of ammonia/acetone: 1 : 6. The each data point is an average of three or more runs. b The
conversion of acetone. c Triacetonamine was represented by TAA.

Fig. 5 The reaction mechanisms of acetone and ammonia.
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of acetone and ammonia in a xed-bed reactor. So the catalytic
performance of catalyst S-2 under different GHSV was evaluated
and the results were shown in Table 5. There was only trace of
triacetonamine detected at the GHSV of 20.7 h�1. However, with
the decrease of GHSV from 20.7 to 5.3 h�1, the conversion of
acetone increased dramatically to 60.2%. As well known, GHSV
has a direct inuence on the detention time of reagents and the
longer detention time was in favor of the conversion of acetone
signicantly. Meanwhile, the longer detention time would lead
to the formation of diacetone alcohol, diacetone amine and the
higher boiling substances, which brought down the selectivity
of triacetonamine. So 10.4 h�1 was chosen as the GHSV in this
study.
3.4 Reaction mechanism

On the basis of the research of Haw et al.19 and Kubelková et al.,20

combined with the experimental results described above, the
generation mechanisms of triacetonamine and byproducts were
proposed. As shown in Fig. 5, acetone underwent aldol conden-
sation on the acid sites of catalysts to give mesityl oxide, subse-
quent Michael addition with ammonia to generate diacetone
amine. Nucleophilic addition of diacetone amine with ammonia,
followed by dehydration afforded diamine intermediate 1. Then,
acetonine was formed through nucleophilic addition of diamine
intermediate 1 with acetone and following cyclization reaction.
In addition, nucleophilic addition and subsequent dehydration
of mesityl oxide with ammonia proceed to give imine interme-
diate 2. Imine intermediate 2 reacted with one molecule of
acetone to generate 2,6-dimethylhepta-2,5-dien-4-imine. 2,6-
Dimethylhepta-2,5-dien-4-imine underwent Michael addition
and intramolecular cyclization with ammonia to yield imine
17864 | RSC Adv., 2014, 4, 17860–17865
intermediate 3, which was easily converted to triacetonamine by
nucleophilic substitution with H2O.
4. Conclusion

The continuous synthesis of triacetonamine from acetone
and ammonia was realized over sulfonic acid-functionalized
mesoporous silicas. The catalysts were characterized and the
results indicated that with the increase of MPTMS content,
the total level of functionalization and the bulk concentra-
tion of sulfonic acid increased. However, the surface area, the
mesopore volume and the average pore diameter of func-
tionalized catalysts decreased sharply. The decreases of
mesopore volume and average pore diameter would respec-
tively reduce the effective active sites and hinder the diffu-
sion of acetone, which brought down the conversion of
acetone. Therefore, catalyst S-2 exhibited better catalytic
performance. Meanwhile, the inuences of molar ratio,
temperature and GHSV on the reaction of acetone and
ammonia were investigated over catalyst S-2. And an opti-
mized process for synthesizing triacetonamine was obtained.
Based on the experimental results above, the reaction
mechanisms of acetone and ammonia were speculated.
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