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Abstract
The aldol reaction of bio acetone in presence of a strongly basic ion exchange 
resin was carried out with and without the addition of water in a temperature range 
between − 30 °C and 45 °C. The conversion, selectivity and service time of the ion 
exchange resins were investigated in a stirred batch reactor and a continuous fixed 
bed reactor. For the batch experiments, both conversion and selectivity increased 
with decreasing temperature. Furthermore, the addition of water to the reaction 
medium has a positive effect on selectivity and catalyst service time of the resins. 
For the continuous flow experiments carried out in a fixed bed reactor, the selectiv-
ity towards diacetone alcohol is higher than in a batch reactor. This high selectivity 
is favored by a short contact time which inhibits as expected most of the consecutive 
reactions.
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Introduction

In order to shift our current society and industry to more environmentally friendly 
alternatives, scientists from different disciplines have been looking for possibili-
ties to replace petrochemical processes by sustainable biorefinery approaches to 
produce chemicals such as n-butanol. N-Butanol which is derived from the ace-
tone–butanol–ethanol (ABE) fermentation is of increasing interest as a biofuel. 
[1–3]

In addition to that, n-butanol is a platform chemical with market sales of around 
3.75 to 4.65 billion USD per year [4] and is mainly used in the production of clean-
ing products, plasticizer, lubricants, coating and painting additives [5].

However, ABE fermentation is not just producing n-Butanol: the process is also 
yielding ethanol, hydrogen, carbon dioxide and acetone [6]. Especially the forma-
tion of acetone is undelightful under economic reasons, since acetone is formed in 
large amounts as byproduct in the phenol process resulting in a cheap price [7].

Therefore, the chemical industry has been looking for applications and products 
which are derived from acetone. Such a product is diacetone alcohol. Diacetone 
alcohol is formed via aldol reaction of two equivalents acetone [8–10].

The aldol reaction of acetone (Fig. 1) leads to 4-hydroxy-4-methyl-2-pentanone, 
commonly referred as diacetone alcohol (DAA) followed by a dehydration to form 
mesityl oxide (MO).

Diacetone alcohol is used as a solvent [11], as an intermediate in the manufactur-
ing of mesityl oxide [12] and as a reactant for the manufacturing of fragrances [13].

Processes to manufacture diacetone alcohol start with the aldol reaction of two 
equivalents acetone in presence of a basic catalyst [14].

These processes are on the one hand challenged by the need to suppress the dehy-
dration of diacetone alcohol and on the other hand by the fact, that the reactions 
thermodynamic equilibrium is shifted to higher yields of the desired product at low 
temperatures, since aldolisation reactions are exothermic reactions [15, 16]. How-
ever, processes catalyzed by homogeneous catalysts also face the problem, that sepa-
ration of the reaction mixture and the catalyst is expensive and that the contact time 
cannot be adjusted exactly.

In order to overcome these challenges, companies have been looking for alterna-
tives during the last decades.

Mitsubishi Chemicals disclosed a process for the manufacturing of diacetone 
alcohol catalyzed by a solid basic catalyst comprising at least a metal hydroxide 
selected among the hydroxides of alkali metals and the hydroxides of alkaline earth 

Fig. 1   Aldol reaction of acetone to DAA and condensation to MO
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metals and a binder [17]. Sabic disclosed a process in presence of a neutral hetero-
geneous catalyst which contains crystalline metal alumosilicates [18].

DSM showed that basic ion-exchange resins can also catalyze aldol reactions as a 
cost efficient alternative to aforementioned heterogeneous catalysts [19].

Other approaches to reach a high yield process for the manufacturing of diace-
tone alcohol are the catalytic distillation (CD) or the use of hydrotalcites as catalysts 
[20–24].

Acidic ion-exchange resins can be used for aldol reaction and aldol condensation, 
too [25, 26]. In comparison to basic catalysis, acidic catalysis produces much more 
side products, e.g. MO and mesitylene. Therefore, the aldol reaction in the presence 
of strong basic ion-exchange resins can be of advantage. However, additional data 
on reaction kinetics and catalyst deactivation are needed in this context.

Basic ion-exchange resins are sensitive to high temperatures. The maximum oper-
ation temperature for the type 1 ion exchange resin Amberlyst A26OH, which was 
used for our kinetic studies is at about 60 °C [27]. At temperatures above the maxi-
mum operation temperature the service time of the ion exchange resins is shortened 
significantly due to the Hofmann elimination of active sites [28]. Therefore, lower 
temperatures have two beneficial effects: Thermodynamic equilibrium is shifted to 
the product DAA, and the lifetime of the ion exchange resins is increased.

Thotla et al. showed that water can be used as a selectivity enhancer in an acid 
catalyzed reactive distillation of acetone [24]. In the case of basic ion exchange res-
ins the use of water can boost the selectivity as mentioned in two patents [29, 30]. In 
addition, an increased service time of the catalyst can be expected.

Kinetic studies for the aldol condensation of acetone in a batch reactor over 
a basic ion exchange resin at 54  °C were carried out by Podrebarac and Rempel 
[31, 32]. For batch and catalytic distillation experiments they used the OH-form of 
Amberlite IRA 900. This is a macroreticular type 1 ion-exchange resin marketed 
by DuPont. The studies showed, that for higher reflux flow rates, the selectivity for 
DAA increases substantially, but is limited by external mass transfer. High reflux 
flow rates also increase the production rate of MO. The initial production rate 
declines due to catalyst deactivation and eventually reaches a steady state. Further 
kinetic and thermodynamic investigations on the equilibrium between DAA and 
MO in the presence of phosphoric acid at temperatures between 25 °C and 70 °C 
were published by Kim and Hatfield [33]. The reaction rates for both hydration and 
dehydration increased with the acid concentration and were first-order with respect 
to reactant concentration (including water). For high acid concentrations and with 
increasing temperature, the equilibrium was shifted towards MO.

In order to better understand the ion-exchange resin catalyzed manufacturing of 
diacetone alcohol, Amberlyst A26OH [34], a strongly basic macroreticular type 1 
ion exchange resin marketed by DuPont, was investigated as catalyst for this reac-
tion. Furthermore, the influence of the reaction parameters on the conversion, selec-
tivity and catalyst lifetime were studied.

Therefore, experiments in a stirred batch reactor and a continuous fixed bed 
reactor have been carried out. In addition to that, low temperatures (range: − 
30 °C/ + 45 °C) are applied, and the addition of water to the reaction medium is used 
to increase selectivity and service time of the catalyst.
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Results and discussion

Mechanistic investigations

First, the reaction products were identified and the reaction mechanism was inves-
tigated. As described in literature [8–10] the reaction of acetone yields DAA, the 
dehydration from DAA to MO and the consecutive reactions e.g. to isophorone and 
mesitylene. However, according to our investigations, the GC analysis of the reac-
tion mixture gave hints towards aldol condensation leading to a different reaction 
scheme (Fig. 2). The primary product of the aldol reaction is DAA. As described in 
literature, DAA can eliminate water forming MO. Two other products directly based 
on DAA have been identified.

One is the iso-mesityl oxide (i-MO), which is formed in contradiction to Zaitsev´s 
rule, when one of the two CH3 groups is deprotonated instead of the CH2 group. 
I-MO is a side product which is always formed in addition to MO. Thereby the con-
jugated double bond is thermodynamically favored. The normal content of i-MO of 
the product mixture after the dehydration of DAA with an acidic catalyst is about 
5% [35]. In contrast, in our presented reactions much higher concentrations of i-MO 
have been found i.e. up to 40% of the dehydration products, possibly due to the dif-
ferent reaction mechanism under basic conditions.

Fig. 2   Reaction scheme of the aldol condensation of acetone
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As second DAA-based product the triacetone alcohol (TAA) was detected. TAA 
is formed when a DAA molecule reacts with an additional acetone in an aldol reac-
tion. At low temperatures TAA was observed to be the main by-product because the 
elimination reaction did not take place.

Two possible reaction paths of MO with acetone were identified as illustrated in 
Fig. 2: in the first case a methyl group can react with the carbonyl carbon of acetone. 
The resulting product is semiphorone which can also result from the elimination of 
water out of TAA.

The second possibility is the 1,4-Michael addition. Under the given conditions 
the product of the 1,4-Michael addition will immediately undergo an intramolecular 
aldol condensation yielding isophorone (Fig. 2). The sequence of Michael addition 
and intramolecular aldol condensation is also named Robinson annulation [36].

In an experiment using 50  mL MO as starting material over 3  g Amberlyst 
A26OH (containing 0.7 g water) at 20 °C for 24 h no measurable conversion to DAA 
was observed. The same experiment using DAA as starting material showed the 
described equilibrium of acetone, DAA, MO and TAA after 4 h. Therefore, under 
these conditions it is demonstrated that aldol addition steps are in an equilibrium.

The formation of phorone, which may result from the dehydration of semi-
phorone, is known from literature [37]. Also the formation of mesitylene from iso-
phorone is mentioned in literature [38]. Both reactions are supposed to be catalyzed 
by acids. Both products have not been detected in our reaction mixtures which may 
be explained by the strongly basic reaction conditions which have been chosen.

The concentration of isophorone in the reaction mixtures was always higher than 
the concentration of phorone. This indicates that for the reaction of mesityl oxide 
with acetone the Michael addition is favored over the aldol addition.

Batch experiments

To determine the theoretically possible conversion of Acetone to DAA over Amber-
lyst A26OH batch experiments were carried out. Fig. 3 shows the conversion and 
the DAA selectivity over the time.
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Fig. 3   Conversion and DAA selectivity over time; batch reaction with 3  g A26OH; 20  °C; 5% water 
addition
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The results show the expected feasibility of the reaction. The gradient of the 
conversion is high within the first 60 min, which leads to a conversion of 11.9% 
after 1 h. After that, the conversion is only slightly increasing, from 14.3% after 
2 h to 14.7% after 4 h. Analyzed samples, which were taken after 75 h and 92 h 
still show an increasing conversion of 15.0% and 15.4%.

The selectivity is high after the first hour (97%) and then keeps constant in 
the range of 97–98% after 2–4 h. After 75 h and 92 h the selectivity decreases 
to 87.6% and 85.7%. The reaction of acetone to DAA seems to be faster than 
its consecutive conversion to form the three by-products TAA, i-MO, and MO. 
Furthermore, the trend of the selectivity and of the conversion indicate that the 
thermodynamic equilibrium is still not reached. Fig. 4 shows the influence of the 
temperature (9 experiments, temperature range from 0 to + 45 °C in 5 °C steps) 
on the conversion of acetone over the time in the presence of Amberlyst A26OH.

The nine experiments confirm the results of the first run (Fig.  3) and show 
independent from the temperature the same trend. In the first hour, the conversion 
is strongly increasing (e.g. 10.0%, 30  °C, 1 h). Later, the gradient (e.g. 0.044% 
h−1, 30 °C) such as the conversion increase (e.g. 14.2%, 30 °C, 96 h) is quite low.

Nevertheless, the equilibrium conversion scalar is strongly dependent on the 
temperature and increases with decreasing temperature. After 1 h the conversion 
of the run at 0 °C (14.7%) is more than double than the conversion of the run at 
45 °C (6.4%). The average conversion gap between these two temperatures (0 °C 
and 45 °C) is 11.2% and quite constant over the experimental runtime. For exam-
ple, after 96 h the gap is 10.0% (21.8%, 0 °C and 11.8%, 45 °C).

Due to the anti-correlation of conversion and temperature, it can be assumed, 
that the endothermic reaction rate seems to be higher than the exothermic reac-
tion rate. In addition, the chemical equilibrium is not reached after 96 h, the con-
version over time gradient is not zero. The results indicate that with increasing 
reaction temperatures the chemical equilibrium shifts to the educt side. At lower 
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reaction temperatures the equilibrium shifts towards the product (and side-prod-
uct) side, but conversion does not exceed 25%.

In addition to the conversion, selectivity in dependence upon reaction tempera-
ture and time were investigated (Fig. 5).

The results show that after 1 h the DAA selectivity is relatively independent from 
the reaction temperature and very high (maximum 98.9%, 10 °C, minimum 96.9%, 
45  °C). With increasing runtime, the shown selectivity functions depend on the 
temperature.

At 0  °C the selectivity slightly and continuously decreases from 98.7% after 
1 h of runtime to 92.3% after 96 h. With increasing temperatures, the gradient of 
selectivity decrease per time increases as well. At 45 °C the highest selectivity drop 
occurs (96.9% after 1 h, 48.5% after 96 h).

The GC analysis shows that with increasing runtime and increasing temperature 
side products reactions to MO and TAA occur. At 0 °C TAA is the only by-prod-
uct. Moreover, at higher temperatures the equilibrium of the side products is shifted 
from TAA to MO.

The statistical analysis of the presented results shows the expected significant 
correlation between conversion and the two factors temperature and time.

The multiple regression analysis show, that the conversion is stronger dependent 
on temperature than on time.

U = 18.47512 + 0.03569 × t − 0.24672 × T

0h ≤ t ≤ 96h

0◦C ≤ T ≤ 45◦C
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Fig. 5   DAA Selectivity over time; batch reaction with 3 g A26OH; 0 °C / + 45 °C; 5% water addition
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In addition, the selectivity function dependent on the two factors temperature and 
time is calculated as follow.

The multiple regression analysis show, that the selectivity is more or less equal 
dependent on temperature and time and the determination is lower compared to the 
determination of the conversion.

In summary, the batch experiments show the principal feasibility of the DAA for-
mation out of acetone. Low temperatures (e.g. 0 °C) leads to medium conversions 
(> 20% at 0  °C) and high selectivities (> 90% at 0  °C). Moreover, short runtimes 
favor high selectivities and reduces side product formations.

Continuous flow experiments using a fixed bed reactor

In addition to the batch experiments, continuous flow experiments were carried out.
In Fig. 6 conversion and selectivity changes are illustrated over time on stream 

(TOS) in a continuous plug flow reactor resulting to be constant.
The results show in addition to batch experiments the principal feasibility of the 

DAA formation out of acetone in a continuous fixed bed reactor.
The selectivity is constant over the time (range: 97.6% after 2  h—98.3% after 

96 h) and only reduced by minor amounts of MO and TAA. The conversion is in 
good accordance with the results obtained under theoretical consideration in the 

S = 106, 70339 − 0.23053 × t − 0.37629 × T
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Fig. 6   Conversion and selectivity over time. 6 g A26OH at 30 °C in a fixed bed reactor with a flow of 
1 mL min−1 and 5% water addition
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batch reactions. The range of the conversion is between 10.4% after 96 h and 11.1% 
after 1 h.

To determine the effect of the temperature, several runs were conducted in the 
range of − 24 °C/ + 40 °C. The results are shown in Figs. 7 and 8.

Between 0  °C and 40  °C, the conversion is linear decreasing with increasing 
temperature (− 0.31%/°C). This is expected according to the results obtained in 
the batch reactions. Below 0  °C the reaction rate decreases very fast. The sudden 
decrease could be caused by catalyst shrinkage which leads to bad diffusion of the 
starting material and the products in the catalyst pores.

The selectivity reaches highest values in the range of − 24 °C and − 6 °C. In 
the range between 0 °C and 40 °C the selectivity drops slightly due to the forma-
tion of MO and TAA. In accordance with the batch experiments, the equilibrium 
of the side products shifts with higher temperatures from TAA to MO. The GC 
analysis quantify the temperature dependence of the by-products as follows. At 
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low temperature a minor amount of TAA was measurable (TAA selectivity of 
1.8%). With increasing temperature, the TAA formation decreased continuously 
to 0.4% at 40 °C. On the other hand, the MO formation increases constantly with 
higher temperatures (0% MO selectivity at 0 °C, 2.8% MO selectivity at 40 °C.

In Fig. 9, the influence of the flow rate is observed.
The graphical analysis of the data shows different tendencies. As expected, 

lower flow rates lead to higher contact times and thereby to higher conversions. 
This effect occurs at positive temperatures. Below 0 °C the conversion is mostly 
independent from temperature and contact time. As expected before, this could be 
caused by catalyst shrinkage.

The DAA selectivity is mostly independent from the contact time. At the same 
contact times, no obvious correlation between temperature and DAA selectivity 
was observed. The expected temperature dependent trend of decreasing selec-
tivity with increasing temperature is confirmed by the experiments with catalyst 
contact time of 3.8 min and the 1.9.

The maximum of the conversion (20.2%) was observed at 0 °C and a contact 
time of 7.6 min. This corresponds to the value of the equilibrium conversion at 
0 °C. For these conditions the weight hourly space velocity WHSV is 7.9 h−1.

The general influence of water on the reaction in the fixed bed reactor was 
studied. Medium conditions were chosen (Fig. 10).

The addition of water results in the literature known effect of higher conver-
sions. In average the conversion is 4.9% higher. Furthermore, the addition of 
water shows steady state results of conversion (between 11.3% and 13.2%) and 
selectivity (between 96.9% and 99.0%). Without water the conversion continu-
ously decreases from 8.2 to 5.0%. Counterwise to the conversion, the selectivity 
increases from 86.0 to 97.0% Fig. 11.

90%

92%

94%

96%

98%

100%

0%

5%

10%

15%

20%

25%

30%

35%

-30 -20 -10 0 10 20 30 40 50

se
le

ct
iv

ity
 / 

%

co
nv

er
si

on
 / 

%

temperature / °C

conversion (τ=7.6 min) conversion (τ=3.8 min) conversion (τ=1.9 min)

selectivity (τ=7.6 min) selectivity (τ= 3.8 min) selectivity (τ=1.9 min)

Fig. 9   Conversion and selectivity over temperature. 6 g A26OH at − 24 °C/ + 40 °C in a fixed bed reac-
tor with a catalyst contact time (τ) of 7.9, 3.8 and 1.9 min and 5% water addition



981

1 3

Reaction Kinetics, Mechanisms and Catalysis (2022) 135:971–986	

These results can be explained by three different deactivation mechanisms, dis-
cussed in the next chapters: Hofmann rearrangement, organic fouling and deactiva-
tion by acetic acid and dissolved carbon dioxide.

Hofmann rearrangement

The Hofmann rearrangement deactivates the ion exchange resin by elimination 
of amines [39]. This reduces the quantity of quaternary ammonium groups which 
means a decrease in the number of strong basic active sites. The strong anion 
exchange capacity can be determined by titration using DIN 54,402 [40]. Without 
water addition the strong anion exchange capacity is reduced by 17%, with water 
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Fig. 11   Process flow diagram of the fixed bed reactor for the aldol reaction of acetone
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addition the reduction is only 6% (Table 1). With water addition a bigger hydrate 
sphere around the ions of the ion exchange resin is present which protects the 
quaternary ammonium group against the Hofmann rearrangement [41].

Organic fouling

Beside the lower deactivation by Hofmann rearrangement, less organic fouling by 
higher molecular by-products based on MO is observed. This could be monitored 
by change of color. In the wet state the Amberlyst A26OH is pink. In acetone 
the color changes to beige, and during the experiments without water addition 
the color changes to dark brown. The dry weight of the catalyst increases. With 
water addition the color changes to light brown, and the dry weight of the cata-
lyst increases less (Table 1). Color change and gaining weight are caused by the 
incorporation of reaction products. Due to this incorporation, pores of the catalyst 
are blocked and cannot be accessed by reactant anymore.

Neutralisation of active sites by acetic acid

A third effect that deactivates the catalyst is the content of acetic acid and dis-
solved carbon dioxide in acetone. For ACS reagent grade acetone this titrable acid 
content is 0.0003 mequiv g−1 [42]. The deactivation mechanism is not affected by 
water addition. Acetone has a density of 0.79 g mL−1 at 20 °C. After 48 h with a 
flow rate of 2 mL min−1 4550.4 g acetone have passed through the reactor. This 
accords to 1.365  mequiv acid. 6  g wet Amberlyst A26OH contain 7.1  mequiv 
active sites, i.e. up to 19% of the active sites can be neutralized by acid.

This deactivation is reversible by regeneration of the ion exchange resin with 
sodium hydroxide. The deactivation caused by Hofmann elimination and organic 
fouling is irreversible. The catalyst deactivation by acetic acid and dissolved 
carbon dioxide in the acetone is another reason for the decreasing conversion at 
higher flow rates.

Table 1   Strong anion exchange capacity and dry weight of 6.00 g Amberlyst A26OH

Unused catalyst After 48 h at 20 °C reaction 
with water addition

After 48 h at 20 °C 
reaction without water 
addition

Strong anion 
exchange capacity

7.1 mequiv 6.7 mequiv 5.9 mequiv

Dry weight 2.57 g 2.66 g 2.88 g
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Experimental section

Catalyst and chemicals

The catalyst applied in our experiments was Amberlyst A 26 OH (for characteristics 
see [34]). This commercial material is based on a styrene polymer cross linked with 
divinyl benzene. It is functionalized by quaternary ammonium groups. This anionic 
ion exchange resin, type 1 was kindly provided by DuPont. The acetone used was in 
BioRenewable grade purchased from Merck.

Batch reactions

For the batch reactions the following conditions were applied:
Catalyst: 3 g Amberlyst A 26 OH which contains 0.7 g water (used as delivered).
Reagent: 50 mL acetone and 1.8 mL water.
Temperature range: 0–45 °C,
Reaction time: 2–96 h.
The catalyst was placed in a 100 mL two-necked bottom flask together with ace-

tone and water. The flask was equipped with a magnetic stirring bar, septum, and 
reflux condenser. The desired temperature was adjusted in an oil bath. Temperatures 
between 0 °C and 10 °C could be achieved using a cryostat. The first sample was 
taken 1 h after starting the reaction. For taking samples a syringe with filter (PTFE; 
1 µm) was used to ensure that no catalyst particles remain in the sample. Further 
samples were taken after 2, 3, 4, 20, 75, and 96 h. Conversion and selectivity were 
determined by GC analysis.

Reactions in a continuous flow fixed bed reactor

The continuous reactions were conducted in a fixed bed reactor applying an upflow 
mode to prevent an accumulation of gases in the fixed bed. The catalyst was washed 
with 50 mL acetone to remove most of the water. Temperatures were controlled by a 
thermostat.

Catalyst: 6 g Amberlyst A 26 OH (wet, as delivered).
Reagent: 5000 mL acetone and 250 mL water.
Temperature steps: − 24–45 °C.
Flow rate: 1 mL min−1; 2 mL min−1; 4 mL min−1; 10 mL min−1.
Reaction time: between 2 and 120 h.
Reactor: Length: 15 cm, Diameter: 1.35 cm.
Conversion and selectivity as responding parameters were determined by GC 

analysis.

GC analysis

GC analysis was carried out on a 25 m FS-FFAP column using a HP6890 Plus chro-
matograph. Dodecane was used as internal standard.
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Conclusion

The combination of using a strong basic ion exchange resin at low temperatures with 
water addition has three major advantages for the aldol reaction of acetone:

(1)	 A higher conversion at lower temperatures (max. 20.2% at 0 °C)
(2)	 A high selectivity of 98–99%
(3)	 A longer catalyst lifetime, due to suppression of Hofmann rearrangment and 

organic fouling

In the temperature range from 0 to 45 °C, the equilibrium conversion of acetone 
to DAA is a linar function of temperature. The possible conversion of acetone to 
DAA is a good criterion to estimate the conversion in a fixed bed reactor. At 0 °C 
and a weight hourly space velocity (WHSV) of 7.9 h−1 an equilibrium conversion of 
20.2% can be reached.

It was found that the selectivity for DAA in a fixed bed reactor is higher than in 
a batch reactor. The short contact time inhibits as expected most of the consecutive 
reactions. Furthermore, the addition of water has a positive effect on the selectivity 
of DAA. By-products of the aldol reaction of acetone to DAA are MO and TAA. 
In the presented process it is possible to determine the by-products as a function of 
temperature. At 0 °C and below TAA is the only by-product. With increasing tem-
perature, the amount of TAA decreases, and MO became the main by-product.

The addition of water has also a positive effect on the service time of the used ion 
exchange resin as in the case of low temperatures. Thereby, two of the three deac-
tivation mechanisms are reduced. Less organic fouling caused by higher molecular 
by-products and less deactivation by Hofmann elimination were observed. Without 
water addition both deactivation effects are about three times stronger (17% loss in 
strong ion exchange capacity vs. 6% with water addition).
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