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In this work we aim for developing a kinetic model for the methyl methacrylate and methacrylic acid synthesis
by the combined condensation and esterification of methyl propionate and propionic acid with formaldehyde and
methanol in the presence of the silica-supported boron-phosphorus-oxide catalyst promoted by oxides of tungsten and
zirconium. The dependencies of the formation rates of methyl methacrylate, methacrylic acid and diethyl ketone from
the concentrations of methyl propionate, propionic acid, formaldehyde and methanol were studied, and reaction
orders of every product formation with respect to each reagent were determined. Methacrylic acid is formed
predominantly by condensation of methyl propionate with formaldehyde, and methyl methacrylate hydrolysis is
insignificantly. The methyl methacrylate formation reaction rate is limited by the methyl propionate adsorption rate
on the catalyst surface, and both reactions of methyl methacrylate and methacrylic acid formation are inhibited due to
adsorption of formaldehyde, propionic acid and methanol. Based on obtained data, the reaction scheme was offered,
which includes formation of intermediates such as 3-hydroxy-2-methylpropanoic acid, its methyl ester and 3,3-
dihydroxy-2-methylpentanoic acid. From this reaction scheme the kinetic model was derived using steady state
approximation. The reaction rate constants and their activation energies for this model were calculated from
experimental data. Validity of the model was experimentally confirmed by the correlation between experimental and
theoretically calculated data. Therefore, the developed kinetic model satisfactorily describes the process of the
combined condensation and esterification of methyl propionate and propionic acid with formaldehyde and methanol
as well as partial cases of condensation of methyl propionate with formaldehyde and propionic acid with
formaldehyde, and is suitable for process optimization and technological calculations.
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Introduction

The condensation processes of carbonyl
compounds occupy a prominent place in the organic
synthesis industry, since they allow to produce a
multitude of valuable products, among which methyl
methacrylate (MMA) and methacrylic acid (MAA) are
especially important. These compounds are easily
polymerized, and therefore are widely used for the
production of various polymeric materials with
valuable properties. The wide scope of acrylate
monomers usage causes a significant annual growth of
world demand for them, and as result the need for a
new and improved methods for their production [1-3].
Combined condensation and esterification of methyl
propionate (MP) and propionic acid (PA) with
formaldehyde (FA) and methanol (M) is a prospective
method for acrylates production since it allows to use
either MP or PA or their mixture as raw materials
depending on the market availability, and to produce
both MMA and MAA with variable ratio depending on
the market demand [4-5]. In the previous research the
B-P-Zr—W-0,/SiO; catalytic system was found to be

efficient for this process, with total MMA + MAA
yield up to 96.3 %, with the sole by-product being
diethyl ketone (DEK) which is also valuable product
[5]. Further research is needed to establish the process
kinetics. Previously we have developed kinetic models
for a simpler cases of individual condensation
reactions of PA with FA [6] and MP with FA [7]. The
aim of this work is to develop a kinetic model for a
more complex case of combined condensation and
esterification of MP and PA with FA and methanol,
suitable for process optimization and technological
calculations.

Experiment

The catalyst was prepared by impregnating the
silica support with the solutions of boron acid,
diammonium hydrogen phosphate, phosphotungstic
acid and zirconium oxychloride, with further drying at
423 K for 8 h and calcinating at 673 K for 6 h. Atomic
ratio B:P:Zr:wW = 3:1:0.15:0.15 was used as it was
previously determined as the optimum by the yield and
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selectivity of acrylates [5]. Specific surface area of the
catalyst was 348 m?/g.

The kinetic was studied in the gas-phase flow
tubular reactor (200 mm x 16 mm) with fixed catalyst
bed at low (under 30%) reagents conversion to
maintain concentrations at quasi-stationary values.
Catalyst load was 16 g. Analytical research grade
methyl propionate, propionic acid, methanol and
paraformaldehyde were used. 36 wt.% formaldehyde
water solution was prepared from paraformaldehyde
immediately before the experiments. MP, PA and
methanol concentrations in the gas phase were varied

in the range 3.74-10° — 7.48:10° mol/l, while FA
1.25-102 — 2.49-10 mol/l to account for its double
stoichiometric consumption. While varying the initial
concentration of one reactant, initial concentrations of
others were kept constant. Analysis was done on
Agilent 5890 SlII gas chromatograph equipped with
FID and TCD detectors, using Supelcowax 10 column
(30 m x 0.53 mm) and helium as carrier gas.

Results and discussion
Generally, the investigated process can be
described by the following reactions:

CH3CH.COOH + CH20 — CH2=C(CH3)COOH + H:0

CH3CH,COOH + CH,0 + CH3;0H — CHzZC(CH3)COOCH3 + 2 H,O

CH3;CH>,COOCH; + CH,O — CHzZC(CH3)COOCH3 + H,0O

2 CH3;CH,COOH — (CH3CH2)2CO + H,O + CO,

The dependencies of the products (MMA, MAA
and DEK) formation rates from the reagent (MP, PA,
FA and methanol) concentrations were studied in the
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temperature range 593 — 683 K. The results at 653 K
are shown in the Fig. 1.
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Fig. 1. Dependence of the initial formation rate of methacrylic acid (1), methyl methacrylate (2) and diethyl
ketone (3) from each individual reagent initial concentration: methyl propionate (a), propionic acid (b), methanol

(c) and formaldehyde (d) at reaction temperature 653 K
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From experimental data, it has been established
that the MMA formation reaction in the presence of
the B-P-Zr-W-0,/SiO; catalytic system has the order
close to first (0.93 — 1) with respect to MP and a bit
less than one (0.8 — 0.9) with respect to PA (Fig. la—
1b, curve 1). The order of the MMA formation is
significantly lower than one and is 0.3 — 0.5 (Fig. 1c,
curve 1), which indicates the limiting of the MMA
formation reaction rate by the MP adsorption rate on
the surface of the catalyst, similar to the individual
condensation reaction of MP with FA [7]. The order of
MMA formation with respect to methanol is also
substantially smaller than one and is 0.2 — 0.4 (Fig. 1d,
curve 1).

The reaction of MAA formation has the order of
0.7 — 0.95 with respect to MP and 0.9 — 0.97 with
respect to PA, while the order with respect to FA is
around 0.7 — 0.8 (Fig. la—1c, curve 2). Similarly, to the
individual condensation reaction of MP with FA [7],
an increase in the FA concentration inhibits the MMA
formation rate, but increases MAA formation rate,
which indicates that MAA is formed predominantly by
condensation of PA with FA, and MMA hydrolysis is
insignificant. With respect to methanol, MMA
formation has the order a bit under zero (-0.1 — -0.2),
since methanol does not participate in the MAA
formation and inhibits this reaction (Fig. 1d, curve 2).
It should be noted that both reactions of MMA and
MAA formation are inhibited due to adsorption of FA,
PA and methanol on the surface of the catalyst.

The reaction of the formation of DEK has an
order of somewhat less than 2 with respect to MP (1.4
—1.8) and PA (1.8 — 1.94) (Fig. 1a—1b, curve 3), which
confirms that the rate of DEK formation is limited by

the rate of interaction of PA molecules adsorbed on the
ky

—_—
—————

ky

PA + (%) (PA*)

kj

—
-

ky

(PA*¥) + FA (HMPA)

ke
(PA*) + PA —L—>
k7

(DHMPA)

ko

—_—

(PA*) + M —2 (MP*) + H,0

—_—

MP + (*) 2 (MP¥)

_
k4
where (*) — free active site on the catalyst surface,

(MP*) — adsorbed activated MP, (PA*) — adsorbed

activated PA, (MHMPA) — adsorbed methyl ester of 3-

hydroxy-2-methylpropanoic acid, (HMPA) — adsorbed

(MP*) + FA (MHMPA )

catalyst surface with free PA molecules from the
reaction volume, and in addition is slightly inhibited
by MP due to its adsorption on the catalyst surface.
Also the reaction of the DEK formation has the order a
bit under zero with respect to FA (-0.05 — -0,015) and
with respect to methanol (-0.1 — -0.2), and hence is
inhibited by both reagents (Fig. 1c-1d, curve 3).

Based on this data, the following reaction scheme
can be derived for the process of combined
condensation and esterification of MP and PA with FA
and methanol. PA molecules are adsorbed on active
sites of the catalyst surface with the formation of
activated methylene component, which are next
attacked by FA molecules from the reaction volume
with the formation of adsorbed 3-hydroxy-2-
methylpropanoic acid, which is next dehydrated to
MAA. In the case of the interaction of an adsorbed PA
molecule with another PA molecule, 3,3-dihydroxy-2-
methylpentanoic acid is formed, which is next
converted into DEK due to the splitting out of CO; and
water. In the case of interaction of an adsorbed
molecule of PA with methanol from reaction volume,
the formation of an activated MP molecule occurs.
Also activated MP molecules are formed as a result of
adsorption of MP from reaction volume on free active
sites on the catalyst surface. Interaction of activated
MP molecules with FA molecules from reaction
volume leads to the formation of adsorbed methyl ester
of 3-hydroxy-2-methylpropanoic acid, which due to
dehydration is next transformed into MMA. Taking
into account the practical irreversibility of dehydration
reactions in the reaction conditions [6, 7], the
following scheme was used to derive the Kinetic
model:

ks

—— >  (*) + MAA + H,0
kg

— > (%) + DEK + H,0 + CO,
kys

— >  (*) + MMA + H,0

3-hydroxy-2-methylpropanoic acid, M — methanol,
(DHMPA) — adsorbed  3,3-dihydroxy-2-methyl
pentanoic acid.
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Based on the above reaction scheme and using

steady state approximation, the following equations for

intermediates formation rates can be formulated:

d®./dt = ki-Cpa'(1 — @1 — @2 — O3— @4 — Bs) — Ko'O1 — k3:Cra®1 + Ka-®2 — Ke'Cpa'®1 + k7' @3 + Kio* @1 — Kg:@1-Cym =0
dOy/dt = k3Cra®1 — ka-®2 — ks®2 = 0
dO®3/dt = ke'Cpa-®1 — k7703 —kg:®3 =0
dO4/dt = ki1'Cwp (1 — O1 — @2 — O3— Oy — Os) — K12:Os — K13-Cra-®4 + K14-O5 — Ki0'@4 + Ko'®1-Cm =0
dOs/dt = k13:Cra'®s — K14'®5 — K15°@5 = 0

where:

. — surface concentration of activated PA molecules;
©®; — surface concentration of 3-hydroxy-2-
methylpropanoic acid;

s — surface concentration of 3,3-dihydroxy-2-
methylpentanoic acid;

®,4 — surface concentration of activated MP molecules;
s — surface concentration of methyl ester of 3-
hydroxy-2-methylpropanoic acid;

(1 - 01— 02— O3 B4 — Bs) — concentration of free
active catalytic sites;

Cwp — concentration of MP in reaction volume;

Cra — concentration of PA in reaction volume;

Cka — concentration of FA in reaction volume;

Cwm — concentration of methanol in reaction volume.

Considering that total concentration of catalyst's
active sites is constant, and assuming ®1, 0, @3, Ou,
Os << 1, we can simplify these equations:

d®y/dt = ki-Cpa — k2'@1 — K3:Cra'®1 + K4 @2 — Ke'Cpa @1 + k7°O3 + Ko'Cmp — K10°@1:Cm =0
d@z/dt = k3'C|:A‘®1 — k4'®z — ks'@z =0
dO®s/dt = ke'Cpa-®1 — k7703 —kg:®3 =0
dO4/dt = K11:Cmp — K12:@4 — K13-Cra @4 + K14'O5 —Ko'@4 + k10-®@1-Cy =0
d@s/dt = kls‘CFA'@)A — k14‘®5 — k15'®5 =0

from where we can derive 01, @2, ®3, B4, s via
reagents concentrations and rate constants.

Based on the reaction scheme the following equations
can be formulated for the formation rates of MMA,
MAA, PA and DEK:

Wwma = Ki5-@s;
Wwaa = K5 O2;

Wpa = K1:Cpa - ko'@1 + Ke'Cpa @1 — k7-0s3;
Woek = ke @s.

Substituting here the values of @1, ®;, @3, B4, Os,
with the values derived from steady state equations,
and simplifying the resulting equations by designating
specific expressions of rate constants ki — kis as
effective rate constants k®; — k°fp, we get the
following final kinetic model of combined
condensation and esterification of MP and PA with FA
and methanol:

_KS -Cyp -Cen + K7 -Cpp-Cpa -Cyy

= 1
MUA T 14K .Cy +KE - Cop +KE-C, @)
K .Cpp-C
Wiaa = of : eF;A - ef 2
1+K;] -Cep + K5 -Cpp +Kg -Cy,
Kef C 2
W — 4 PA 3
PR 14K . C + K L Cop +KE L Cy, )
€ € W
WMP = Kgf 'CMP - Klg —MMA (4)

Cea
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Wea = Wyuma + Wiaa +2- Wpex —Wiyp Q)
Wea =Wyma + Wyaa (6)
WM = WMMA - WMP (7)

Effective rate constants K&, K&, K¢, K&, were
calculated from experimental data by linearization of
equation (2) in the coordinates 1/Wwaa — 1/Cpa with
stationary concentrations of FA and methanol (Fig.
2a):

1 Ky -Cpa+Kg -Cy+l 1 N K¢
WMAA Kgf 'CFA CPA Kgf 'CFA

and by linearization of equation (3) in the coordinates
1/Wpek — Cea With stationary concentrations of PA and
methanol (Fig. 2b):

1 K

_ LK Cop +KF-Cy +1
Woe Kif 'CPA2

ef 2
Ks -Coa

FA

Constants K®%5, K, K°f;, K5 were calculated
from the equation (1), and constants K¢, K¢, — from
the equation (4) using data fitting by the least squares
method.

Activation energy of effective rate constants K®';
— K*®fo, were determined from the Arrhenius equation
linearization in the coordinates In(K) — /T (Fig. 3).
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Fig. 2. Linearization of equation (2) in the coordinates 1/Wwaa — 1/Cpa () and equation (3) in the coordinates
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Fig. 3. Linearization of the Arrhenius equation in the coordinates In(K) — 1/T.

Resulting values of effective rate constants and
their activation energies are shown in the Table 1. The
correlation coefficient between the experimental data
of the reaction rates dependencies on the reagents
concentrations and theoretically calculated data from
the kinetic equations (1) — (7) is 0.95 — 0.99. Thus, we
can conclude that the developed kinetic model well
describes the process of gas-phase combined
condensation and esterification of MP and PA with FA
and methanol in the presence of a B-P—Zr-W-0,/SiO-
catalyst, and can be used for technological calculation.

The kinetic model (1) — (7) also can be used for
the partial cases of the studied process. By equating
concentrations of methanol and MP to zero (Cm = 0,
Cwp = 0), the kinetic model transforms in the one for
the condensation of PA with FA to MAA described in
[6]. Similarly, by equating only the methanol
concentration to zero (Cm = 0), the model describes the
process of condensation of MP with FA to MAA and
MMA [7]. Therefore, the kinetic model (1) — (7) can
be used as a general model for kinetics of various cases
of acrylic monomer synthesis by aldol condensation
reactions.
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Table 1. Rate constants of the equations (1) — (7) and their activation energies.

Kefl,lo—Z’ Kef2.10—2’ Kef3.106, Kef4. 105’ Kef5.105, Kef6.10—2, Kef7.107, Kef8.10-3, Kefg.lo 2, Kef10~10'3,
T. K dm? dm? dm® dm® dm® dm? dm* dm? dm? mol
mol mol  |mol-m?-sjmol -m?-s{mol -m®- 5| mol |[mol®-m?-s| mol m® -5 dm?
593 1.348 2.624 1.924 0.0457 0.464 0.384 0.694 1.853 0.678 1.527
623 2.126 3.458 3.268 0.2044 1.045 0.962 1.347 2.729 1.082 2.321
653 3.294 4,955 5371 0.6817 2.341 2.957 2.354 3.924 1.419 3.486
683 4,118 5.725 8.983 1.2452 4,487 7.276 3.629 5.172 2.041 4,743
Ea, 42.7 30.3 57.4 125.6 85.5 111.4 62.1 38.7 40.2 42.7
kJ/mol
Conclusions condensation reaction of propionic acid with for-

In this work we developed the kinetic model for
the gas-phase  combined condensation and
esterification of methyl propionate and propionic acid
with formaldehyde and methanol in the presence of a
B-P-Zr-W-0,/SiO; catalyst. The kinetic model well
describes the process as whole as well as partial cases
of condensation of methyl propionate with
formaldehyde and propionic acid with formaldehyde.
Validity of the model was experimentally confirmed
by the correlation between experimental and
theoretically calculated data.
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KineTuuHna Moe/ib CyMiCHOI reTeporeHHO-KATAJITHYHOI KOHIeH callii Ta ectepudikamnii
NPOMiOHOBOI KMCJIOTH Ta METHJINIPONMIOHATY 3 (JopMAJIBAEriI0M Ta METAHOJIOM
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MerToro maHoi poOOTH € po3poOKa KIHETUYHOT MOJIEN CHHTE3Y METHIIMETaKPHUIIATy Ta METaKPHIOBOI KHCIOTH
IUIIXOM KOMOIHOBaHOT KOHIEHcalii Ta ectepudikallii METHITIPOIIOHATY Ta MPOIMIOHOBOI KUCIOTH 3 (hOPMAIb/IETiIOM
Ta METaHOJIOM Y IMPHUCYTHOCTI HAHECCHOTO Ha CHIKareib 0op-(ochop-okcHaHOro KaTalizaropa, MPOMOTOBAHOTO
OKCH/IaMH BOJNb(paMy Ta LUPKOHIO. BCTaHOBIEHO 3aJIe)KHOCTI IIBHIKOCTEH YTBOPEHHS METHIMETAaKpHIATY,
METaKpHJIOBOi KHCJIOTH Ta MICTWIKETOHY BiJl KOHIIGHTpalid METHJIPOMIOHATy, TPOMIOHOBOI KHCIIOTH,
(dopmanberiny Ta METaHOIy, a TaKOX MOPSAKH peakmiid (opMyBaHHS KOXKHOTO MPOAYKTY 3a KOKHUM 3 pEarcHTiB.
PesynpTat mokazanm, MmO METaKpUIOBA KUCIIOTa YTBOPIOETHCS IMEPEBAKHO KOHJCHCAIEI METHIIPOMiOHATY 3
(hopManbperiiom, a Tigpori3 MeTHIMETaKpuiIaTy € HesHayHuM. LIIBunKicTh peakitii popMyBaHHS METHIMETAKPUIIATY
JMIMITYEThCSl IBUAKICTIO afcopOIii MeTWINpONioHaTy Ha MOBEpPXHI KaTaizaTopa, a OOHMIBa peakilii yTBOpEHHS
METHJIMETAKpHJIaTy Ta METaKPWUJIOBOI KHCIOTH TalbMYIOTBCS dYepe3 aiacopOliro Gopmanbaerinzy, HpomioHOBOI
KHCIIOTH Ta METaHOJy Ha MOBEPXHi Kartaji3aropa. Buxomsum 3 oTpUMaHUX JaHHX, 3alPOIIOHOBAHO CXEMy pEaKIii,
sIKa BKITFOYA€ YTBOPEHHS MPOMDKHUX CHONYK, TAKUX SK 3-TiJPOKCH-2-METHUIIPOIIAHOBA KHUCIIOTA, ii MEeTHIOBHU edip,
Ta 3,3-AUrigpoKCU-2-METUINICHTAHOBA KHCJIOTa. 3 I[i€l CXeMHM peakiii Oyia BUBEACHA KIHETHYHA MOJCIb 3
BUKOPHCTAaHHSM METOAY CTalllOHApPHUX KOHIEHTpariii. KoHcTaHTH MBWAKOCTI peakmii Ta iX akTWBaIlii AN i€l
Mozeni Oynmu po3paxoBaHi 3 EKCIIEPUMEHTAIbHHX MaHWX. J[iACHICTH MoOJieni eKCHepUMEHTAIBHO IiATBEPIKEHO
KODPEJSIIEI0 MK EKCIepUMEHTATBHIUMU Ta TEOPETUYHO pPO3PaXxOBAaHMMH JaHUMH. TakuM YHHOM, pO3poOiiecHa
KIHETUYHA MOJENb J00pe OmHCye TMpolleCc KOMOIHOBAHOI KOHJCHCAIll Ta ecTepudikaliii METHIIPOIIOHATY Ta
MIPOITIOHOBOT KUCIIOTH 3 (POPMAIBAETIIOM Ta METAaHOJIOM, a TAKOK YAaCTKOBI BHITAJKH KOHACHCAIIT METHIIIPOITIOHATY 3
(hopManpIeritoMm Ta MPOMIOHOBOI KHCIOTH 3 (OPMAIBACTIAOM, 1 MIAXOMUTH IS ONTHMi3allii mporecy Ta
TEXHOJIOTIYHUX PO3PaXyHKIB.

Kntouoei cnosa: rereporeHHU KaTali3, KiHETHKA, KOHICHCAIIS, aKPHJIATH, ecTepudiKaris
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