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1. Introduction

For today, there has been a significant increase in 
the world production of monomers and polymers, with 
significant segment of which is acrylic acid (AA) and its 
derivatives, in particular, methyl acrylate (MA) and butyl 
acrylate. Thanks to the ability to chemically interact with 
acrylic acid and its esters, it is possible to form homopoly-
mers or copolymers. The above-mentioned products are 
widely used in the manufacture of paints, glues, various coat-
ings, organic glass, modifying additives to concrete [1, 2].  
It is predicted that the total production of AA and methyl 
acrylate will increase to 8 million tons/year by 2020 due 
to their use as superabsorbents, detergent components, 
textiles, medical products [3]. Therefore, research aimed at 
finding new and improving existing methods for the pro-
duction of acrylate monomers, in particular AA and methyl 
acrylate, is promising.

2. Literature review and problem statement

The main industrial method for AA production is the 
two-stage oxidation of propylene through the intermediate 
formation of acrolein and its oxidation to AA [4]. Methyl 
acrylate is obtained by the esterification of AA with meth-
anol on acid-type catalysts [5]. Taking into account that 
propylene is produced from petroleum raw materials, the 
prices for which are not stable and have a steady tendency 
to increase, the search for methods of AA synthesis from 
alternative sources of raw materials is being conducted. Sig-
nificant prospects for implementation are the methods of AA 
production by aldol condensation of acetic acid (AcA) with 
formaldehyde (FA) [6] and oxidative condensation of meth-
anol with acetic acid [7]. In the processes of aldol condensa-
tion reagents are AcA and FA, which are synthesized from 
methanol [8]. The raw material base for methanol produc-
tion is synthesis gas, produced from methane and coal [9].  
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Дослiджено процес окиснювальної конденсацiї мета-
нолу з оцтовою кислотою в акрилову кислоту на B–P– 
–V–W–Ox/SiO2 каталiзаторi, модифiкованому 
гiдротермальним методом. Модифiкацiя каталiза-
тора шляхом гiдротермальної обробки носiя змiнює 
його фiзико-хiмiчнi, а отже, i каталiтичнi властивостi. 
Дослiджено вплив основних технологiчних параметрiв –  
температури, часу контакту i спiввiдношення реагентiв 
на селективнiсть та вихiд продуктiв реакцiї та на кон-
версiю оцтової кислоти при використаннi гiдротер-
мально обробленого каталiзатора.. Кращим за селек-
тивнiстю утворення та виходом акрилової кислоти i 
метилакрилату є час контакту 8 с. Найвищi показники 
каталiтичної активностi розробленого каталiзатора 
спостерiгаються при температурi реакцiї 673 K, проте, 
неможливим є подальше пiдвищення температури через 
обмежену термiчну стiйкiсть каталiзатора та рiзке 
зростання утворення продуктiв повного окиснення. При 
збiльшеннi частки метанолу в спiввiдношеннi реагентiв 
(метанол:оцтова кислота) до 1,2:1 зростає селектив-
нiсть утворення акрилової кислоти i метилакрила-
ту, та суттєво зменшується селективнiсть утворення 
побiчних продуктiв. Найвищий вихiд цiльових продуктiв 
в реакцiї окиснювальної конденсацiї метанолу з оцтовою 
кислотою спостерiгається при спiввiдношеннi кисень: оц- 
това кислота 1,5: 1. Рiст спiввiдношення кисень:оцто-
ва кислота сприяє зменшенню селективностi утворен-
ня ацетону та метилацетату, не змiнює селектив-
нiсть утворення метилакрилату i суттєво збiльшує 
селективнiсть утворення та вихiд акрилової кислоти. 
В кращих умовах реакцiї вдалося досягти сумарного 
виходу акрилової кислоти та метилакрилату 54,7 %. 
Зважаючи на широку доступнiсть та порiвняно низь-
ку вартiсть вихiдних реагентiв (метанолу та оцтової 
кислоти) синтез акрилової кислоти методом окисню-
вальної конденсацiї метанолу з оцтовою кислотою в 
присутностi розробленого каталiзатора є вельми пер-
спективним
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ва кислота, гетерогеннi каталiзатори, гiдротермальна 
обробка
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Consequently, significant reserves of coal and methane 
can be used as sources of alternative raw materials for AA 
production as the oil reserves become depleted. That is 
why active research has been going on the development of 
technologies and effective catalysts for this process. An 
important task on the way of the implementation of acrylic 
acid and methyl acrylate production by condensation reac-
tions is to find efficient catalysts. One of the most effective 
catalysts of AcA and FA aldol condensation reaction are 
acid-type catalysts [10–12]. In particular, catalysts based 
on a mixture of boron oxides and phosphorus deposited on 
silica have been developed. These catalysts are promoted 
by molybdenum, vanadium and tungsten oxides, which are 
effective in the process of aldol condensation. The ability 
to regulate the acidic properties of the catalysts surface by 
adding appropriate promoters opens the prospects for the 
development of efficient catalysts for condensation processes 
[6, 7, 10–12]. In recent years, acid-type catalysts have been 
also used for the production of formaldehyde [13, 14]. Since 
these reactions are key in the transformation system for 
oxidative condensation [7], there are reasons to believe that 
acid catalysts of aldol condensation will be effective in the 
oxidative condensation of AcA with methanol.

There are not much of systematized research data con-
cerning the processes of oxidative condensation, even though 
the process itself is promising and interesting due to the pos-
sibility of reducing the number of synthesis stages [7]. The 
process involves simultaneous combination of two reactions: 
the oxidation of methanol to formaldehyde and AcA aldol 
condensation with the FA formation.

The known method for the implementation of combined 
process of acetic acid and methanol oxidative condensation is 
performed with V-Ti-P catalyst [7, 15]. At 623 K, the yields 
of AA and methyl acrylate reached 42 and 13 %, however, 
the selectivity of target products was low and did not exceed 
73 % [7]. Nevertheless, these studies relate only to the effect 
of changes in the quantitative composition of the catalyst 
and the ratio of the components of reaction mixture on the 
acrylates yield. The change of porous structure of catalysts 
without changing their quantitative and qualitative compo-
sition remains unexplored for this process.

The use of the B–P–V–W–Ox/SiO2 catalyst has been 
studied, which proved to be very effective in the process of al-
dol condensation of AcA with FA for the one-step production 
of AA from methanol and AcA in the presence of air. In this 
case AA and MA were obtained with 93.9 % total selectivity, 
however, the yield of acrylates remains low – 30.4 % [16].  
Thus, the efficiency of known catalysts at oxidative conden-
sation of methanol with AcA remains insufficient, which is 
the reason for scientific research.

It has been established that the preliminary modification 
of the B–P–V–W–Ox/SiO2 catalyst carrier by hydrother-
mal treatment allows to significantly increase its efficiency 
in the process of aldol condensation of AcA with FA [17, 18]. 
Hydrothermal treatment of the catalyst or carrier can sub-
stantially alter its porous structure, including the specific 
surface area, pore size, pore size distribution and, therefore, 
affect its catalytic properties in chemical transformations.

3. The aim and objectives of the study

The aim of this work is the effectiveness determination of 
the hydrothermal treatment of catalyst B–P–V–W–Ox/SiO2 

in the oxidative condensation of methanol with acetic acid. To 
achieve this aim, the following tasks have to be solved:

– to investigate the porous structure of the used catalyst;
– to determine the influence of technological parameters 

(temperature, contact time, ratio of methanol: acetic acid, 
oxygen concentration) on the yield, selectivity of reaction 
products and the conversion of acetic acid;

– to choose the best technological parameters of the oxi-
dative condensation of methanol with acetic acid.

4. Materials and methods to study the oxidative 
condensation of methanol with acetic acid

Materials that were used for the research:
– acetic acid (H3C–COOH) (ice) 100 %, anhydrous, for 

analysis;
– methanol (H3C–OH), 99.9 %, high purification, for 

chromatography;
– B–P–V–W–Ox/SiO2 catalyst subjected to hydrother-

mal treatment. The atomic ratio of components in catalyst  
B:P:V:W is 3:1:0.18:0.12.

The catalytic activity of the developed catalyst was in-
vestigated in a flow reactor with a stationary layer of catalyst 
with constant mass (0.88 g) located on a fixed grid. A stain-
less steel reactor of tubular type with an external electric 
heating with a length of 230 mm and an internal diameter of 
6 mm was used. The composition of the reaction products was 
determined by the chromatographic method. The studies were 
performed on a HP-5890 series II (USA) chromatograph.

The carrier, silica (SiO2) of the KSKG brand with a 
specific surface area of 365 m2/g, was hydrothermally treat-
ment in an autoclave in a gas phase at 150 °С temperature 
and a pressure of water vapour of 0.5 MPa within 3 hours. 
Upon completion of the treatment, the autoclave was cooled 
abruptly. The treated silica was first dried in a drying oven, 
and then calcined. On the prepared carrier, the active phase 
of the catalyst was applied by the method of impregnation. 
The active phase content (B–P–V–W–Ox) is 20 % of the 
total weight of the catalyst. As a boron source, boric acid was 
used, phosphorus – diammonium hydrogen phosphate, vana-
dium – ammonium metavanadate, tungsten – phosphotung-
stic acid. The calculated amounts of inorganic compounds 
were dissolved in water; a solution of salts was precipitated 
on prepared silica. Surface moisture was removed by placing 
the samples in the drying oven for 8 hours at 150 °C. The 
residual and chemically bound moisture was removed by 
calcining at 673 K for 6 hours.

Conversion of reagents (X), selectivity of AA (S) and AA 
yield (Y) were calculated by following equations:

0 0/ 100�%) ) ,(( kX n n n= − ⋅     (1)

S n n nOK
AK

k= ⋅−(( ( ))/ %,0 100     (2)

Y n nKO
AK= ⋅( )/ %,0 100      (3)

where n0 – AcA quantity that enters into reactor, mol; nk – 
AcA quantity that exits reactor, mol; nOK

AK  – AcA quantity 
that participated in the formation of AA, mol.

The specific surface area and pore size were calculated 
by the Barrett-Joiner-Khalenda method with adsorption-de-
sorption nitrogen isotherms at –196 °C, which were obtained 
using the QuantaChrome AutoSorb gas sorption analyser.
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The influence of the contact time on the selectivity 
and yield of the reaction products and on the conversion 
of the AcA was studied at 623 K temperature, molar ratio 
of AcA:M=1:1 at atmospheric pressure and contact time of 
4–16 sec. in a flow reactor with a stationary layer of the 
catalyst. When the influence of temperature was studied, the 
reaction was carried out in the range 573–673 K at an inter-
val of 25 K. The influence of the oxygen: acetic acid ratio on 
the process of oxidation condensation of methanol with AcA 
was carried out within the molar ratio of 1:5 (0.2); 1:2 (0.5); 
1:1 (1.0); 1.5:1 (1.5); 2.0:1 (2.0).

The resulting experimental data was processed in 
Origin and Microsoft Excel programs. Dependences are 
described by approximating curves of a polynomial struc-
ture. As a result of the experiment, the average arithmetic 
value of three independent measurements was used. The 
general dispersion of the reproducibility of the values of 
the reagents conversion is 2.5, and the values of the target 
product selectivity – 1.8.

5. Results of B–P–V–W–Ox/SiO2 catalyst’s activity tests

5. 1. The study of catalyst’s porous structure
The initial stage of the research was to establish the 

structure of the porous surface of a hydrothermally treated 
carrier (silica) and a catalyst (Table 1).

Table	1

Parameters	of	the	porous	structure	of	silica		
and	deposited	catalyst

Sample
S, 

m2/g
VΣ, 

сm3/g
Vme, 

сm3/g
d, 

nm

Silica 365 1,05 1,04 7,9

Catalyst (without HTT) 238 0,74 0,72 9,7

Silica (HTT at 150 °С) 275 1,04 1,02 9,7

Catalyst (HTT at 150 °С) 193 0,72 0,72 12,6

For silica, the value of the total pore volume VΣ and the 
volume of mesopore Vme practically does not differ. Thus, we 
can conclude that the carriers do not contain micro and mac-
ropores, and all samples are mesoporous. As a result of the 
HTT, the specific surface area of the carrier decreases, and 
the pore size increases as compared to the untreated sample. 
The application of the active phase on the carrier is accom-
panied by decrease in both the specific surface area and the 
pore volume. This is due to the partial filling of the pore with 
the active phase. Hydrothermal treatment of the 
carrier allows to increase the average pore size of 
the catalyst, which provides better availability of 
surface to reagents.

5. 2. Study of the contact time effect on the 
selectivity, the yield of reaction products and 
the conversion of acetic acid

Since oxygen is present in the reaction sys-
tem (air), the processes of complete oxidation of 
the starting reagents are likely to happen with 
carbon dioxide and water formed as products. 
That is why it is important to study the pos-
sibility of destructive oxidation processes and 
determine the allowable temperature regime of 

the process. For these reasons, the dependence of the CO2 
release on temperature was studied and it was found that in 
the temperature range of 563–623 K the amount of formed 
carbon monoxide coincides with its amount formed as a 
result of the condensation (ketonization) reaction of acetic 
acid (at a molar ratio of AcA:oxygen=1:1). Therefore, under 
the stated conditions, products of destructive oxidation 
of reagents have not been recorded. That is why further 
research was carried out at a temperature of 623 K for the 
equimolar ratio of the starting reagents and with the in-
terval of contact time 4–16 sec., the oxidizer – air. With a 
shortage of oxygen (molar ratio of AcA:oxygen=1:0.5), the 
destructive oxidation of reagents is negligible at tempera-
tures up to 673 K.

The simultaneous presence of acid, alcohol and catalytic 
acid in the system result not only in the processes of oxida-
tion and aldol condensation but also creates the possibility 
for the processes of esterification and aldol condensation of 
the formed products to occur.

In particular, in the case of esterification of AcA and 
methanol, methyl acetate (Mac) is formed. Methyl acrylate 
may be formed as a result of the aldol condensation of Mac 
with FA, and the esterification of AA with methanol. Ace-
tone (AC) is also formed in the process, which is consistent 
with known literature data [19].

The dependence of products selectivity and their yield 
on the time of contact is shown in Fig. 1. For AA and MA, 
selectivity gradually increases with increase of contact time 
from 4 sec. to 8 sec., and then remains unchanged and is 
more than 21 % for AA and increases for MA. The selectivity 
of the Mac with increase of contact time to 8 sec. smoothly 
decreases, and with increase of contact time to 16 sec. reach-
es the plateau.

The growth of target products yields with increase 
of contact time up to 8 sec. indicates the positive effect 
of this parameter increase. With further increase of con-
tact time, the proportion of MA formation increases and, 
therefore, its yield. The total selectivity of AA and MA 
is calculated without taking into account the conversion 
of AcA to Mac, since Mac, as well as AcA, is the starting 
material for MA.

It was established that with increase of contact time 
from 4 to 16 sec., the total selectivity of AA and MA is 
slightly increasing, which may indicate the formation of MA 
with Mac and AcA (Fig. 2). However, when contact time is 
increased to 8 sec. the total yield is initially increasing, and 
after 8 sec. remains practically unchanged. The conversion 
of AcA also increases up to 8 sec. of contact time, and in the 
range of 8–16 sec. remains basically unchanged.

Fig.	1.	Dependence:	а	–	selectivity;	b –	yield	Mac	(1),	АA	(2),	АC	(3),		
МА	(4)	on	contact	time.	Т=623	K;	molar	ratio	AcA:М=1	:	1
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The criteria for choosing a better contact time are the 
AA selectivity, the MA selectivity, and the yields of these 
products. After analysing the experimental data, it is con-
sidered that 8 sec. is the best time of contact in the studied 
range, because further increase of contact time does not lead 
to a significant increase of AA and MA yield.

5. 3. Determination of the temperature influence on 
the process of oxidative condensation of methanol with 
acetic acid

To determine the optimum temperature of the process for 
acrylic acid production by oxidative condensation of acetic 
acid with methanol, the study was carried out at the estab-
lished temperature limits with a contact time of 8 sec. (Fig. 3).

At the lowest temperature, high selectivity for Mac and 
very low for other products are observed. Probably, in the 
temperature interval 573–623 K FA practically does not 
form, therefore the only possible process is the esterification 
of AcA and M in Mac [7].

With increase of temperature, the proportion of aldol 
condensation reactions increases and, therefore, the selectivity 
increases smoothly for AA, AC and MA and the selectivity of 

Mac decreases (Fig. 3, a). At 673 K temperature, the selectivi-
ty of AA, AC and MA reaches the maximum value – 56.8 %, 
27.6 % and 6.1 %, respectively.

Gradual increase in yield is observed for all reaction 
products in the range 573–623 K (Fig. 3, b). With an in-
crease of temperature in the range of 623–673 K, a rapid 
accumulation of AA, AC and MA was observed.

With the increase of temperature from 573 to 673 K, the 
total selectivity of AA and MA, as well as the yield of AA 
and MA are increasing (Fig. 4). Therefore, at the maximum 
value of temperature, the highest performance rates of the 
proposed catalyst are observed.

Further increase in the temperature of the process is im-
possible due to the limited thermal stability of the catalyst.

5. 4. Determination of the reagents ratio influence 
(methanol : acetic acid) on the process of their oxidative 
condensation

To establish the corresponding patterns, samples with 
fixed molar ratio of reagents M:AcA were prepared. The de-
pendence of the AA and MA selectivity and their yields on 
the ratio of reagents is shown in Fig. 5.
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With the increase of the methanol part in the ratio of 
reagents to 1.5:1, the selectivity of AA and MA increases 
(Fig. 5, a), but further increase of methanol content in the 
samples from 1.5:1 to 5:1, basically does not affect the se-
lectivity of AA, MA and other products. With the increase 
of methanol amount, the yields of Mac, AA and MA are 
doubled, but AC yield decreases. Further increase of the 
methanol part in the reaction mixture does not lead to an 
increase of the studied parameters. These patterns are also 
confirmed by the study of the total selectivity and yield of 
acrylates (Fig. 6).

Thus, the most effective from the technological point of 
view is the ratio of components of the reaction mixture in the 
range M:AcA=1:1; 1.1:1; 1.2:1; 1.5:1.

5. 5. Determination of the oxygen: acetic acid ratio 
influence on the process of oxidative condensation of 
methanol with acetic acid

The following values of the ratio of oxygen: acetic acid: 
1:5 (0.2); 1:2 (0.5); 1:1 (1.0); 1.5:1 (1.5); 2.0:1 (2.0) were 
used for reactions. The molar ratio of methanol:AcA is 1:1. 
The results of experiments are shown in Fig. 7.

The values of AA selectivity and yield smoothly in-
crease with an increase in the ratio of O2:AcA and is the 
highest for the ratio of oxygen:acetic acid 2.0:1. Therefore, 
an increase in the ratio of O2:AcA in the reaction mixture 
contributes to the formation of FA, resulting in the in-
crease of AA yield and selectivity. Yield and selectivity 
of MA do not significantly change with the increase of 
O2:AcA ratio. At the ratio of O2:AcA 2.0:1 there is de-
crease in the yield and selectivity of Mac and AC, which 
is a positive phenomenon. It is established that in the 

O2:AcA (1,5–2,0):1 ratio fraction of the formed acetone 
decreases, which in turn leads to an increase in the yields 
of AA and MA.

Consequently, it is most rational from the point of 
view of the yield and selectivity of acrylic acid to carry 
out the process of oxidative condensation of methanol 
with AcA at a ratio of O2:AcA 1.5:1.

The reaction of oxidative condensation in the best con-
ditions in terms of yield (temperature 673 K, contact time 
8 sec., ratio AcA:methanol=1:1,2, ratio AcA:О2=1:1,5) 
allows to reach the 53 % yield of AA and 1.7 % yield of MA 
(total yield of acrylates is 54.7 %) (Fig. 8).

The ratio of AA:MA in the specified conditions of the 
reaction is 31:1. Thus, conditions of the process can be 
considered rational to obtain acrylic acid.

6. Discussion and selection of the best 
technological parameters for the process of 

oxidative condensation of methanol  
with acetic acid

Based on the results of the technological 
parameters, influence on the process of oxidative 
condensation of methanol with AcA, the fol-
lowing conditions for the implementation of the 
process are chosen:

– the best temperature of the process is 
673 K. At this temperature the highest activity 
rates of the proposed catalyst are recorded.

– the contact time is 8 seconds. The increase 
in contact time contributes to the growth of 
the AA yield, however, when the contact time 
exceeds 8 sec., the specific catalyst productivity 
(the amount of the product formed per time unit 
per mass unit of the catalyst) is significantly 
reduced.

– the molar ratio of reagents methanol:AcA= 
=1,2:1. With a slight excess of methanol, growth 

of the selectivity of methyl acrylate and AA was observed, 
and significant decrease in the selectivity of the forma-
tion of a by-product – acetone. The further increase of 
the excess of methanol is not accompanied by significant 
improvement of the indicated parameters. The ratio of the 
target products AA:MA changes from 10,6:1 at a ratio of 
methanol:AcA=1:1 to 3,4:1 at a ratio of methanol:AcA= 
=1,2:1, Thus, a slight change in the ratio of reagents can 
regulate the ratio of target products of the process (AA 
and MA), depending on market needs.
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– as an oxidizer, it is proposed not to use air, but the 
ratio of oxygen: acetic acid (1,5:1). The growth of the ratio 
of oxygen: acetic acid contributes to reduce of acetone and 
methyl acetate selectivity, does not change the selectivity 
of the MA, and significantly increases the selectivity and 
yield of the target product – AA.

For the catalyst, which has undergone a preliminary 
hydrothermal treatment, the maximum total yield of ac-
rylates is 54.7 % with total selectivity of 80.1 %, which ex-
ceeds the known results [7, 15, 16]. It has been established 
that the previous HTT of carrier allows to modify the pore 
structure of the catalyst – to increase the size of the pores 
of the catalyst at a constant total pore volume. In this way, 
the availability of reagents to active catalyst centres is 
facilitated, which makes it possible to increase its catalytic 
properties in the process of oxidative condensation of AcA 
with methanol to AA and MA. However, the application of 
the developed catalyst has certain limitations, in partic-
ular the narrow temperature interval of its application in 
the investigated process. The highest conversion rates of 
reagents and acrylate yields were obtained at a temperature 
of 673 K, and given the thermal stability of the catalyst in 
the range of 573–683 K, it is impossible to conduct a study 
at higher temperatures. Therefore, the question arises of 
improving catalysts in the direction of extending the work-
ing interval of temperatures of catalysts application and 
increasing the efficiency of catalysts at temperatures below 
673 K. The obtained results indicate that the modifica-
tion of the surface of the catalyst carrier by hydrothermal 
treatment with the consistent quality and quantity of the 
catalyst can have a positive effect on its efficiency. There-

fore, further research in the direction of optimization of the 
porous structure of catalysts in order to regulate their cata-
lytic properties in the process of oxidative condensation of 
methanol with AcA to AA and MA is promising.

7. Conclusions

1. It has been established that as a result of hydro-
thermal treatment of the carrier, the physical and chem-
ical properties of the B-P-V-W-Ox/SiO2 catalyst surface 
changes: the pore size increases from 9.7 to 12.6 nm with 
constant total pore volume (0.72–0.74 cm3), the specific 
surface area of the catalyst (238–193 m2) slightly de-
creases. This ensures better availability of reagents to its 
surface, increases the efficiency of the catalyst. 

2. Increasing the contact time to 8 sec. leads to the 
increase in the yields of the target products of the reac-
tion. The highest catalytic activity of the proposed cat-
alyst was obtained at a maximum temperature of 673 K. 
Increasing the proportion of methanol in the ratio of 
methanol: acetic acid to 1.5:1 leads to the increase in the 
selectivity of the acrylic acid and methyl acrylate. Process 
of oxidative condensation of methanol with acetic acid is 
the most effective from the point of view of products yield 
and selectivity at the ratio of oxygen: acetic acid 1,5:1.

3. For hydrothermally treated B-P-V-W-Ox/SiO2 cat-
alyst at a temperature of 673 K, the contact time of 8 sec-
onds, the molar ratio of acetic acid:methanol=1.2:1, the 
total yield of acrylates is 54.7 % with the total selectivity 
of 80.1 %. 
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