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1. Introduction

Acrylates occupy a prominent place in the industry of 
organic synthesis. The main area of their use is the fabri-
cation of acrylate polymers, which owing to their valuable 
technical properties such as transparency, mechanical 
strength, ductility, thermal resistance have found applica-
tions in various spheres of human activity. Of particular 
value are the methyl methacrylate (MMA) and methacrylic 
acid (MAA), from which a number of important products 
and semi-products such as polymers, solvents, and plasti-
cizers are obtained. The MMA copolymers with MAA or 
acrylic acid are used for producing noise insulation and 
fire-resistant polymers, in cosmetology. Every year acry-
lates are more and more applied in medicine, in the produc-
tion of pigment materials and other areas. It is forecasted 
that by 2022 manufacturing of acrylates and the total 
volume of their consumption will grow annually by 6.3 %, 
therefore, a relevant task is the design and improvement of 
methods of obtaining acrylate monomers for implementa-
tion of the technology of their production in Ukraine. That 
is why the development of catalytic systems for the multi-
ton production of acrylates by the suggested method is of 
large practical value and importance.

2. Literature review and problem statement

Existing methods of obtaining acrylate monomers have 
a number of shortcomings – producing large amounts of 
by-products of oxidation, formation of toxic wastes, as well 
as a big number of stages of the process [1, 2]. It is promising 
to obtain acrylate monomers by aldol condensation of car-
bonyl compounds in the gas phase, which is characterized 
by a small amount of by-products, the absence of toxic waste 
and the availability of raw materials [3]. In particular, as an 
affordable raw material they use ethylene, which is produced 
in Ukraine as well. Currently, research into the processes of 
aldol condensation of propionic acid (PA) with formaldehyde 
(FA) in the gas phase on solid catalysts with obtaining MAA 
is actively conducted, and by the condensation of methyl 
propionate  (MP) with FA – MMA and MAA.

Most of the catalysts used in the existing processes of 
condensation of PA or MP with FA, have typical drawbacks 
such as low conversion of initial reagents [4, 5] at relatively 
high selectivity, or low selectivity of formation of the target 
product at high conversion rate [6, 7]. The catalysts, known 
today, also provide high yield of the target product only at 
significant excess of PA or MP, which is undesirable because 
it increases the energy cost for recycling the raw materials 
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[8, 9]. That is why designing new active catalytic systems 
and determining optimal parameters of implementation of 
the process is an important scientific and practical task.

Papers [10, 11] established that for the process of aldol 
condensation of MP with FA, the active boron-phospho-
rus-oxide catalyst was developed, applied on the silica gel, 
promoted by zirconium oxide (B2O3:P2O5:ZrO2=3:1:0.3), 
however, due to the hydrolysis of part of the MP to PA and 
methanol, the total selectivity of the formation of acrylates 
is low – 65.4 %. The same catalyst, promoted by tungsten 
oxide (B2O3:P2O5:WO3=3:1:0.3), proved effective in the 
process of aldol condensation of PA with FA, ensuring the 
selectivity of MAA formation at 93.5 % [12]. It was deter-
mined that the use of a mixture of oxides of transition metals 
(B2O3:P2O5:V2O5:WO3) as the promoters makes it possible 
to significantly increase the yield of acrylates [13]. The liter-
ature also has reference to the data on the use, in the process 
of aldol condensation of PA and FA, compounds of bismuth 
deposited on zeolite, which allows reaching the selectivity of 
MAA formation close to 100 %, and at a very low conversion 
of reagents [5]. Given the shortcomings mentioned in the 
considered above processes of obtaining acrylates, it is rea-
sonable to explore a new process of combined condensation 
of MP and PA with FA, which on one hand should reduce 
the MP hydrolysis due to the presence of PA in the reaction 
mixture and, on the other hand, will allow to recirculate the 
PA that formed in the process of hydrolysis of MP. It is also 
advisable to examine the effect of methanol on the course of 
the process because this can also reduce the MP hydrolysis 
and increase the share of more valuable MMA in the products 
of the reaction. It should be noted that there are no systematic 
data in the literature on combined condensation of MP and 
PA with FA, as well as on the studies of influence of methanol 
on this system, hence the need to create catalysts that would 
provide acceptable conversion and high selectivity for the 
proposed process. Thus, in this work we decided to design a 
catalyst of the process of condensation of PA and MP with FA 
based on the boron-phosphorus-oxide catalyst, promoted by 
the mixture of zirconium oxide and tungsten oxide with their 
varied content, as well as individual oxides of zirconium.

3. Aims and objectives of the research

The aim of this work is the development of catalytic sys-
tems for obtaining methacrylic acid and methyl methacrylate 
by the method of compatible condensation of propionic acid 
and methyl propionate with formaldehyde in the gas phase.

To achieve the set goal, the following tasks were to be 
solved:

– to create highly selective catalysts of the process of 
combined condensation of propionic acid and methyl propio-
nate with formaldehyde;

– to determine optimum temperature of performing the 
process;

– to determine the effect of methanol on the course of the 
process of gas-phase condensation of MP and PA with FA.

4. Method of research into activity of the created 
catalysts in the process of condensation

The research was carried out with the use of catalysts on 
the base of a mixture of oxides of boron and phosphorus with 

oxides of zirconium, tungsten and bismuth, applied on the 
silica gel. The total number of active components in the cata-
lyst was 20 % mass. The molar ratio of the oxides B2O3:P2O5 
in the catalysts was 3:1. The content of the oxides ZrO2 and 
WO3 was varied so that the molar ratio of the components 
B2O3:P2O5:ZrO2:WO3 was 3:1:0.3:0.3 та 3:1:0.15:0.15 (here-
inafter in the paper all the ratios are specified relative to the 
content of phosphorus oxide). The ratio of components in the 
catalysts, promoted by individual zirconium and bismuth ox-
ides B2O3:P2O5:ZrO2 and B2O3:P2O5:Bi2O3 was 3:1:0.3. All of 
the catalysts were prepared by the impregnation method [14].

The catalytic systems were examined in a flow reactor 
with a stationary layer of catalyst. For the research we used 
a mixture with the ratio of reagents MP:PA:FA=1:1:2. Two 
molecules of FA were chosen considering for one per every 
molecule of PA and MP. For the study of the process in the 
presence of methanol, the ratio of reagents was MP:PA:me- 
thanol:FA=1:1:1:2. As the source of FA we used formalin 
37 %, which was prepared from paraform directly before the 
experiments. The temperature of the process changed in the 
range of 563÷683 K, the residence time was 12 s because it 
was found previously that these conditions are optimal for 
the process of condensation of MP with FA [11–13]. The 
reaction products were analyzed by the gas chromatography 
method.

5. Determining optimal temperature and composition 
of the catalyst in the process of aldol condensation of 

methyl propionate with formaldehyde

The research results of the process of condensation of 
MP and PA with FA in the presence of B2O3–P2O5/SiO2 
catalytic system with different promoters allowed us to 
establish that the conversion of ester and acid increases 
with increasing temperature in the presence of all examined 
catalysts (Fig. 1). The maximum conversion value of 83 % 
was obtained at the catalyst, promoted by zirconium and 
tungsten oxides with the molar ratio ZrO2:WO3 = 0.3:0.3 at 
a temperature of 683 K.

Fig. 1. Dependency of the total conversion of methyl 
propionate and propionic acid (Х, %) on temperature (T, K) 

in the presence of catalysts with different promoters

The total selectivity of formation of MMA and MAA de-
creases with increasing temperature (Fig. 2). The highest val-
ues of selectivity are achieved at temperatures of 563–593 K 
on all the examined catalysts. This is due to the fact that 
at temperatures over 623 K, the process of formation of a 
by-product, diethyl ketone, actively occurs. The maximum 
total selectivity of formation of MAA and MMA is 96.4 % 
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at a temperature of 593 K in the presence of the catalyst, pro-
moted by oxides of zirconium and tungsten with the molar ratio 
ZrO2:WO3=0.15:0.15. It is also worth noting that the catalyst, 
promoted by bismuth oxide, at a temperature in the range of 
562–623 K also provides a high selectivity of 96 %, but the 
conversion of reagents under these temperatures is lower.

Fig.	2.	Dependency	of	the	total	selectivity	of	formation	
of	methyl	methacrylate	and	methacrylic	acid	(S,	%)	on	

temperature	(T,	K)	in	the	presence	of	catalysts	with	
different	promoters

The total yield of the unsaturated products significantly 
increases with increasing temperature to 653 K on all of the 
examined catalysts (Fig. 3). When the temperature exceeds 
653 K, the total yield of MMA and MAA is reduced due 
to a decrease in the selectivity of formation of the target 
products and increase in the output of by-products at high 
temperatures. The highest yield of products was obtained in 
the presence of the catalyst, promoted by oxides of zirconium 
and tungsten with the molar ratio ZrO2:WO3 = 0.15:0.15 at a 
temperature of 623 K – 56.7 %. The optimum temperature of 
the course of the process is considered to be 593 K, at which the 
yield is 52.3 % since at this temperature the largest selectivity 
was reached, whereas implementation of the process at 623 K, 
despite providing for higher yield, requires higher energy costs 
and has lower selectivity of formation of the target products. In 
case of recycling of non consumed reagents in this process the 
yield of the target products will amount up to 96.4 %.

Fig.	3.	Dependency	of	the	total	output	of	MMA	and	
MAA	(Y,	%)	on	the	temperature	(T,	K)	in	the	presence	of	

catalysts	with	different	promoters

In general, the effect of temperature of the examined 
process is as follows: with the increasing temperature, 

the conversion increases, the selectivity of formation of 
acrylates decreases, and the total yield of acrylates has 
the maximum. 

Important is also the ratio of the obtained target prod-
ucts MMA/MAA, which in the case of the examined cat-
alysts is low. Given that MMA is a more valuable product, 
we studied the effect of adding methanol to the reaction 
mixture with the purpose of increasing the share of MMA in 
the obtained products.

It was found that the addition of methanol makes it 
possible to increase the ratio of MMA/MAA (Fig. 4), in-
dicating the increasing selectivity of the MMA formation. 
Interesting is the fact that on the catalysts, promoted by 
oxides of zirconium and tungsten with the molar ratio 
ZrO2:WO3=0.15:0.15, which was the best in the process 
without methanol, the ratio of MMA/MAA increased 
significantly. Instead, on the catalysts, promoted by indi-
vidual oxides of zirconium and bismuth, the use of meth-
anol only slightly increases the ratio of MMA/MAA. The 
highest value was reached at a temperature of 623 K on 
the catalyst, promoted by mixtures of oxides of zirconium 
and tungsten.

Fig.	4.	Dependency	of	the	ratio	of	MMA/MAA	on	
temperature	(T,	K)	with	and	without	adding	of	methanol

We also determined the total selectivity and the total 
yield of the target products in the presence of methanol 
(Fig. 5, 6). Adding methanol not only increases the ratio 
of MMA/MAA but also increases the total selectivity of 
formation of acrylates. In particular, at temperatures of 
563–593 K on the catalyst, promoted by bismuth oxide, the 
total selectivity reaches 100 %. Given that the conversion 
at these temperatures reaches 33 %, the total yield is 33 % 
accordingly. This allows for designing the technological 
process without formation of by-products, albeit with a low-
er conversion of reagents. The maximum value of the total 
output was reached on the catalyst, promoted by bismuth 
oxide, at a temperature of 653 K. However, at a temperature 
of 623 K, the selectivity is slightly higher and the yield is 
only slightle lower, so the temperature 623 K can be consid-
ered optimal. The total yield and selectivity of the acrylates 
formation on the catalyst, promoted by bismuth oxide, at this 
temperature are 51.5 % and 91.6 %, respectively.

It should also be noted that the catalyst, promot-
ed by oxides of tungsten and zirconium with the mo-
lar ratio ZrO2:WO3=0.3:0.3, displayed worse results than 
ZrO2:WO3=0.15:0.15 in the process without using metha-
nol, so the process on this catalyst in the presence of metha-
nol was not examined.
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Fig. 5. Dependency of the total selectivity of 	
the MMA/MAA formation (S, %) on temperature (T, K) in 

the presence of methanol

Fig. 6. Dependency of the total yield of MMA and 	
MAA (Y, %) on the temperature (T, K) 	

in the presence of methanol

6. Discussion of results of the research into the process of 
combined obtaining MMA and MAA

The performed studies reveal that the catalytic systems 
B2O3–P2O5/SiO2 with selected promoters are active and 
highly selective in the process of aldol condensation of methyl 
propionate and propionic acid with formaldehyde in the gas 
phase. Compared to the previously studied catalysts for the 
process of condensation of MP and FA, promoted by individ-
ual tungsten oxide and zirconium oxide, the developed cata-
lysts provide for a much higher selectivity of formation of the 
target products – methyl methacrylate and methacrylic acid. 
For example, in the presence of the B2O3–P2O5–WO3/SiO2 
catalyst, the maximum selectivity of formation of acrylates 
reached 49.1 % and was achieved at a temperature of 653 K 
[12], while in the presence of the B2O3–P2O5–ZrO2/SiO2 
catalyst, the selectivity is 65.4 % at a temperature of 623 K 
[13]. Thus, the designed B2O3–P2O5/SiO2 catalytic system 
promoted by ZrO2:WO3=0.15:0.15 allowed us to increase 
the selectivity of formation of the target products to 96.4 %, 
which is 31 % higher, and made it possible to carry out the 
process of condensation of MP and PA with FA at a lower 
optimum temperature of 593 K than in the process without 
propionic acid, confirming possibility and feasibility of the 
PA recycling in the process of condensation of MP and FA.

It was found that increase of the of MMA/MAA ratio 
with the addition of methanol to rection mixture was higher 
in the presence of a catalyst promoted by mixture of ZrO2 
and WO3, than on the catalysts promoted by individual bis-
muth oxide and zirconium oxide. In addition, despite the fact 
that at the optimum temperature of 593 K total selectivity 
of acrylates decreases by 3 %, and the yield by 11 %, however 
substantially larger MMA yield in the products is obtained. 
At temperatures of 623–653 K, there is a slight rise in the 
selectivity by 3–4 %, but the yield in this case remains lower 
in comparison to the process without adding methanol. This 
necessitates further research, in particular of the effect of 
change in the amount of content of methanol in the process.

Adding methanol to the initial mixture makes it possi-
ble to reach total selectivity of MMA and MAA 100 % on 
the catalyst promoted by bismuth oxide, which allows for 
designing of the waste-free process, but with a lower yield 
of the target products. Also, adding methanol leads to some 
increase of the total yield of the target products on the bis-
muth-containing catalyst in the range of all temperatures. 
As far as the zirconium-containing catalyst is concerned, 
adding methanol also increases the total selectivity of 
formation of MMA and MAA, but the yield in this case is 
slightly reduced. The shortcoming of using methanol is that 
its adding to the reaction mixture decreases the conversion 
of reagents MP and PA.

Thus, from the results of research into combined con-
densation of propionic acid and methyl propionate with 
formaldehyde that are presented above, we can conclude that 
the best catalyst in terms of the yield of the target products 
is the B2O3–P2O5/SiO2 catalytic system with the addition 
of promoters ZrO2:WO3=0.15:0.15 in the process without 
methanol in the original reagent mixture, and it is also the 
best by the fraction of MMA in the products in the process 
with the addition of methanol. Highest total selectivity and 
yield was obtained on the catalyst promoted by bismuth ox-
ide, but the share of MMA in products is much lower.

In general, at low temperatures all four designed cat-
alysts are sufficiently selective and may be used in the 
process of aldol condensation of MP and PA with FA in the 
presence of methanol or without it. The obtained results 
will be used for development of the technology basics for 
production of methyl methacrylate and methacrylic acid, 
particularly for designing the technological scheme and 
optimization of the process. In the case of methanol be-
ing added as a reagent in the reagent mixture, the overall 
conversion of the process is slightly reduced, which is a 
drawback of the proposed method. In further research, it 
will be necessary to explore effect of the residence time on 
the process of obtaining MMA and MAA as well as using 
different mixtures of oxides of metals of acid and base type 
as promoters to the boron-phosphorus catalyst with the 
purpose of increasing the share of MMA in products since 
it is known that the use of basic oxides increases the selec-
tivity of formation of the target products [5].

7. Conclusions

1. We created highly selective catalysts of combined 
condensation of methyl propionate and propionic acid with 
formaldehyde. The selectivity of the formed catalysts varies 
within 90–96 % in the process without the use of methanol.
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2. The optimal temperature was determined of the 
process of condensation of propionic acid and meth-
yl propionate with formaldehyde, which is 593 K. At 
this temperature on the catalyst with the molar ratio 
B2O3:P2O5:ZrO2:WO3=3:1:0.3:0.15:0.15, the single-pass 
yield of methyl methacrylate and methacrylic acid is 52.3 % 
with the total selectivity of their formation at 96.4 %.

3. It was established that adding methanol to the reagent 
mixture increases the ratio of methyl methacrylate to meth-

acrylic acid in the products and the overall selectivity of 
the process on all catalysts. In particular, at a temperature 
of 593 K on the B2O3:P2O5:Bi2O3=3:1:0.3 catalyst, total 
selectivity of the target products is 100 % at a conversion of 
33 %. It was found that in the process with methanol on the 
catalyst, promoted by zirconium and tungsten oxides, the 
share of MMA is the largest and the optimum temperature 
is 623 K, at which the single-pass yield of MMA and MAA 
is 46.7 % at the total selectivity of their formation of 93.3 %.




