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Objectives. The study aims to identify the optimal choice of an effective catalyst for the
esterification of malic acid to produce esters of high purity.

Methods. To determine the qualitative and quantitative composition of reaction masses, the
following analysis methods were used: mass spectroscopy (using FinniganTrace DSQ device
with NIST 2002, Xcalibur 1.31 Sp 5 database) and gas-liquid chromatography (using the Kristall
2000M software and hardware complex).

Results. Esters of malic acid and butyl alcohol of normal structure were synthesized using
the following catalysts: sulfuric, orthophosphoric, p-toluenesulfonic acid, Amberlyst 36 Dry,
Amberlyst 36 Wet, KU-2-FPP, and KIF-T. The obtained products were analyzed by gas-liquid
chromatography. The structure of the products was confirmed by mass spectrometry. Schemes
for the formation of byproducts are proposed. The yields and purity of the malic acid butyl esters
obtained using different catalysts were evaluated. The results show that the heterogeneous
catalyst Amberlyst 36 Dry is optimal for obtaining a pure malic acid ester with a maximum yield.
Conclusions. The results show that during the esterification of malic acid with butyl alcohol
of normal structure, byproducts, such as esters of fumaric and maleic acids, are formed using
different catalysts. An accumulation of byproducts occurs as a result of reactions of dehydration of
malic acid or its ester. The results also show that the number of byproducts is almost independent
of the catalyst, with the exception of sulfuric acid. The Amberlyst 36 Dry catalyst provides an
optimal ratio between conversion and selectivity for malic acid dibutyl ester production.
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drepupuranus A0J09HOM KACJIOTHI HA PA3JIMYHBIX
KATaJn3aTopax
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Camapckuiil 2ocyoapcmeeHHblil mexHuueckuil yHusepcumem, Camapa, 443100 Poccust
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ITenu. O6ocHogams 8bl60p 3hheKmueH020 KaMaiu3amopa smepugurkayul si610UHOU KUC/I0mbl
O/151 NOYUEHUSL CIOIKHBLX 9PUPO8 8bILCOKOTUL CMmeneHU Yucmomal.

Memoovl. /[ onpedeneHus KAUecCmeeHHO20 U KOJUUECMEEHHO20 COCMA8A PeaKyUuoHHbLX
Mmace O6bLu UCNONBL308AHbLL Ccedyruue Memodsbl AGHANIU3A: MACC-CneKkmpockonust (Ha npubope
FinniganTrace DSQ c 6asoii NIST 2002, Xcalibur 1.31. Sp 5) u 2a3ookudkocmHast xpomamozpa-
pus (Ha annapamHo-npo2pamMmHom komnaerxce «Kpucmann 2000M»).

Pesynomamut. CuHmesupogaHsl CA0XKHble Ihupbl 160UHOT Kuciomsl u 6ymusnogozo cnupma
HOPMANLHO20 CMPOEHUSL HA Ce0YoUUX KAMAAU3amopax: cepHast, opmogocopHast, N-moayos-
cynvorucnoma, Amberlyst 36 Dry, Amberlyst 36 Wet, KY-2-®DI1I1 u KH®D-T. [TonyueHHble npo-
dyKmbl NPOAHANUIUPOBAHBL MEMOOOM 2A302KUOKOCMHOU xpomamoepacgpuu. CmpoeHue npooyr-
moe noomeepiKOoeHo Macc-cneKkmpomempuueckum memooom. IIpednorxersbl cxemul 06pazosarus
nobouHblx npodyxKmos. OueHeHbl 8blX0o0blL U yucmoma 6ymuaio8ozo 3gpupa s60UHOT KUC/IOMbL,
NOYUeHHOo20 HA pasHblx kKamasausamopax. ITokazaHo, umo O/t NOAYUeHUSL YUCMO20 CAOIHHO20
agpupa sI6I0UHOT KUCIOMbL ¢ MAKCUMATLHBIM 8bIX000OM ONMUMANbHbIM SI8ASLeMCSL 2emepozeH-
Houlll kamaauzamop Amberlyst 36 Dry.

Bwleoodsl. YcmaHoenieHo, umo npu smepugurayuu s6104HOl KUCI0MbL 6YMUNL08bIM CRUPMOM
HOPMANLHO20 CMPOEHUSL HA PA3HBIX KAMAAU3AmMopax obpasytomest nobouHble NPoOYKmbl — CILOXNK-
Hble agpupbl pymapoeoll u maneurosoll kucriom. HaxonnerHue nobouHslx npodyKkmos npoucxo-
odum 8 pesysemame peakyuil 0esudpamayuu ss610UHOT KUCIOMbL UL €20 CALO2KH020 acghupa. I1o-
KA3aHO, UMO KOAUUEeCcma80 NoboUHBLX NPOOYKMO8 NpaKmuuecku He 3a8UcCUm om Kamaau3amopa,
3a ucKkroueHuem cepHoil Kucaomol. /lns noayueHus oubymusiogozo agpupa sibnouHoll Kuciomaol
pexomeHOyemcesi ucnoss3zosams cyabgokamuoHum Amberlyst 36 Dry, obecneuugarowuii onmu-
MANTLHOE COOMHOULEHUE MeKOY KOHeepcuell U CeneKkmugHoCmbio.

Knroueevle cnoea: smepuguiauust, CaoXKHble 9¢upbl, sibrouHas Kucaoma, H-0YmaHos,

Amberlyst 36 Dry.

Jlna yumuposanus: Kyzemuna H.C., TToptHoBa C.B., Kpacubix E.JI. Dtepudukarius si07049HON KUCIOTHI Ha Pa3IHYHBIX
Katanuzaropax. Toukue xumuueckue mexnonoeuu. 2020;15(2):47-55. https://doi.org/10.32362/2410-6593-2020-15-2-47-55

INTRODUCTION

Modern trends within the chemical industry have
been aimed at finding processes that are independent
from oil and petroleum products. Great interest is
shown in materials obtained from renewable sources
of raw materials [1], such as alcohols and carboxylic
acids.

Today, esters are in high demand in the
production of paints, plasticizers, copolymers, various
additives to lubricants, and pharmaceuticals. Esters
of hydroxycarboxylic acids obtained from renewable
natural resources are of particular interest. For example,
trisubstituted citric acid esters-trialkylcitrates, obtained
by esterification of citric acid with aliphatic alcohols

C, and C,, are used as non-toxic plasticizers for
PVC products or solvents in the production of food
additives, children’s toys, and household packaging
[2]. Plasticizers based on citric acid esters are
environmentally friendly and have a high plasticizing
ability. Another promising industrial product,
completely obtained from plant components, is the
ester of malic acid and n-butyl alcohol. Malic acid is a
dibasic oxocarboxylic acid and is used as an additive
in the food industry and in medicine. There are known
methods for obtaining malic acid from vegetable raw
materials, such as unripe apples, sea buckthorn, and
cotton leaves as well as and from chemical methods,
such as the catalytic hydration of maleic or fumaric
acid, which are derived from maleic anhydride.
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This process is catalyzed by fumarate hydratase or
fumarase. Maleic anhydride, in turn, is obtained
by the oxidation of hydrocarbons, primarily butane
[3]. Fumaric acid can also be obtained from various
enzymatic hydrolysates of cellulose-containing raw
materials under the action of a biocatalyst [4]. n-Butyl
alcohol is used in the paint industry as a solvent as well
as in the production of resins, plasticizers, and many
other organic compounds. It can be obtained from
chemically raw materials or by processing sucrose,
starch, or cellulose from agricultural crops [5].

The simplest method for producing esters is direct
esterification of acids with alcohols in the presence
of a catalyst [6]. Esterification of dicarboxylic
acids with alcohols can be performed without a
catalyst; however, the reaction proceeds slowly,
and high temperatures (200-300°C) are required to
achieve sufficient speed [7]. For the esterification
of dicarboxylic acids, a process involving mineral
acids (sulfuric, hydrochloric, orthophosphoric, boric),
alkylsulfonic acids (benzene or p-toluene sulfonic
acids) and arylsulfochloride as catalysts are used
[8—10]. Further, organic titanium compounds are also
highly active [11], and recently, heterogeneous catalysts
have been used in the production of esters [12—14].

In industrial applications, the liquid phase
method of esterification is widely used in periodic- or
continuous-motion equipment. The main stages of the
liquid phase method are esterification, neutralization
of the reaction mass, washing from a homogeneous
catalyst, and rectification [15]. However, in order
to simplify the design of technology used to obtain
esters, the use of heterogeneous catalysts simplifies
the process by eliminating the stages of neutralization,
washing, and drying, and it also helps to reduce the
loss of organic acid. Additionally, heterogeneous
catalysts are easily regenerated, allowing them to
be used repeatedly. It is also important to reduce the
number of generated byproducts, which will reduce
energy consumption at the stage of rectification.

Several studies have researched the possibility
of obtaining malic acid esters by esterification using

homogeneous catalysts [16—18]; however, there are
no data on the esterification of malic acid using
heterogeneous catalysts. Thus, the aim of this work
is to select an effective heterogeneous catalyst for the
esterification of malic acid to produce esters of high
purity.

MATERIALS AND METHODS

To synthesize esters, racemic DL-malic acid was
used with a base substance concentration of at least
99.3%, along with CP grade n-butyl alcohol with a
purity of at least 99.8%. AR grade benzene was used
as an azeotroping agent. As catalysts, this experiment
used concentrated sulfuric acid (98% solution), CP grade
orthophosphoric acid with a purity of at least 85%,
pure grade p-toluenesulfonic acid, KU-2 FPP, KIF-T,
and sulfocationic catalysts Amberlyst 36 Dry and
Amberlyst 36 Wet.

Before synthesis, p-toluenesulfonic acid was
purified in a similar method as in [19]. The catalysts
KU-2 FPP (moisture content no more than 30%)
and KIF-T (moisture content no more than 30—60%)
were crushed to the size of 1-2 mm and used without
additional drying. Amberlyst 36 Dry (water content
no more than from 1.5 to 2%) and Amberlyst 36 Wet
(moisture content no more than 53—59%) were also
used without additional drying.

Esterification of n-butyl alcohol with malic acid
proceeded according to the scheme in Reaction 1.

A 250 ml round-bottom flask equipped with a
Din—Stark trap and a Liebig condenser was filled with
10 g (0.07 mol) of malic acid, 4% molar excess volume
of alcohol (22 ml of n-buthanol), 40 ml of benzene,
and 1 wt % of'the tested catalyst. The resulting mixture
was boiled with azeotropic distillation of water until
the reaction ended. When using a homogeneous
catalyst, the reaction mixture was first washed with a
solution of sodium bicarbonate to neutralize the acid,
then with distilled water to a neutral pH. When using
a heterogeneous catalyst, it was filtered. The resulting
reaction mass was distilled at a residual pressure

Reaction 1
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of 50 mm Hg for separation of benzene and excess
butyl alcohol. Pure ester was extracted by fractional
distillation at a residual pressure of 13—15 mmHg.
The boiling point of dibutyl ester of malic acid is
185—-186°C.

RESULTS AND DISCUSSION

The analysis of the reaction mass and the obtained
esters was performed using gas—liquid chromatography
on the Chromatec Analytic Kristall-2000M
chromatograph, equipped with a flame ionization
detector and a capillary column with a grafted non-
polar phase DB-1, 100 m x 0.2 mm x 0.5 um. The analysis
parameters were as follows:

1) The column temperature was 150°C during
the first 20 min, then the column temperature rose up
to 260°C with a heating rate of 5°C per minute.

2) The injector temperature was 250°C.

3) The detector temperature was 280°C.

4) The carrier gas was helium, split ratio 1/40.

The sample volume is 1 pl.

A typical chromatogram of malic acid dibutyl
ester is shown in Fig. 1.

The chromatogram clearly shows two peaks
next to the main product. To identify these peaks, an
analysis was conducted using a Finnigan Trace DSQ
mass spectrometer via electron impact ionization, set
at 70 eV, using the National Institute of Standards
and Technology (NIST) 2002, Xcalibur 1.31 Sp 5
database'. During the analysis, a 30 m long ZB 5MS
capillary column with a weak polar phase and an
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Fig. 1. Chromatogram of malic acid dibutyl ester.

inner diameter of 0.32 mm was used. The injector
temperature was set at 250°C, and the transfer line
temperature was setat 280°C. The column temperature
was initially 80°C during the first 1 min, followed by
a temperature elevation rate of 10°C/min until 300°C.
The carrier gas was helium, set at a flow rate of
1.3 ml/min.

According to the NIST database, the peak at 34 min
was attributed to the maleic acid dibutyl ester (Fig. 2),
the peak at 36 min was attributed to the fumaric acid
dibutyl ester (Fig. 3), and the main peak at 38 min
was attributed to the malic acid butyl ester (Fig. 4).

The formation of maleic and fumaric acid esters
is possible by two means. The first option is the
esterification of the corresponding unsaturated acids
contained as impurities in malic acid, by butanol, as
represented in Reaction 2.

0
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Fig. 2. Mass spectrum of maleic acid dibutyl ester.

! NIST Chemistry Webbook, SRD 69. Available from: webbook.nist.gov/chemistry/ (Accessed September 20, 2017). https://doi.

org/10.18434/T4D303
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Fig. 4. Mass spectrum of malic acid dibutyl ester.
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Reaction 2
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At the same time, the content of maleic acid
dibutyl ester should be significantly higher since this
acid is the main impurity in the initial material.

The second option is either the dehydration of malic
acid followed by esterification, as shown in Reactions
3 and 2, respectively, or dehydration of the malic acid
esters themselves, as shown in Reaction 4. The more
likely product in this case is fumaric acid ester.

The yields of butyl ester of malic acid
were as follows: 71% for sulfuric acid, 68% for
orthophosphoric acid, 56% for p-toluenesulfonic
acid, 70% for Amberlyst 36 Dry, and 86% for KU-2
FPP. When using the Amberlyst 36 Wet and KIF-T
catalysts, the reaction mass was tarred during the
synthesis process, so that it was not possible to obtain
a pure ester when using these catalysts. Impurities of
maleic and fumaric acid esters were present in all the
samples and were obtained in different amounts. The
amount of maleic acid esters exceeded the content of
fumaric acid esters, indicating that their formation
occurred in the second option.

To assess the activity of the studied catalysts,
several experiments were conducted under identical
initial conditions; the temperature was set at 85°C,

Malic acid

H
o / HO
OH -H,0
HO
OH O H
o}

h\

the amount of catalyst was 1 wt %, and the synthesis
time was 80 min. The reaction mass was analyzed,
and the conversion of malic acid was calculated. The
composition of the final products was also analyzed
after isolation and purification, according to the method
described above. The results are given in the table.

The results show that the conversion of malic
acid, as expected, is maximal on sulfuric acid. The
conversion on Amberlyst 36 Dry is comparable to the
conversion on p-toluenesulfonic acid. The decrease in
malic acid conversion when using Amberlyst 36 Wet
is due to the smaller number of active centers than
Amberlyst 36 Dry (a limitation of the water content
in the catalyst). Orthophosphoric acid, KU-2 FPP, and
KIF-T had the least catalytic activity in the reaction
of malic acid esterification during the considered
time period.

When the finished products were isolated, the
content of byproducts did not change significantly.
The table shows that using sulfuric acid as a catalyst
yields the highest percentage of impurities. When
using the other catalysts, except for Amberlyst 36 Wet
and KIF-T, the concentration of maleic and fumaric
acid esters is approximately the same level and is

w
0 OH

Maleic acid

OH
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o]
Fumaric acid

Reaction 3
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Malic acid dibutyl ester
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Fumaric acid dibutyl ester

Maleic acid dibutyl ester

Reaction 4
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Analysis of reaction mass and product on different catalysts

. . Concentration of the product after purification, %
Catalyst aggn:te;(s)l(;li::lflg: l(1yc0 Fumaric acid
> Byproducts dibutyl ester Main product

Sulfuric acid 95.0 0.9 12.6 86.5
Orthophosphoric acid 15.9 0.05 1.15 98.8
p-Toluenesulfonic acid 45.4 0.2 1.1 98.7
Amberlyst 36 Dry 47.1 0.05 1.25 98.7
Amberlyst 36 Wet 30.8 Tarring of the reaction mass

KU-2-FPP 14.3 0.06 1.24 98.7
KIF-T 5.98 Tarring of the reaction mass

1.2-1.3 wt %. Regarding Amberlyst 36 Wet and KIF-T,
the tarring of the reaction mass may be associated with
higher catalytic activity in the dehydration reaction and
possible oligomerization of unsaturated acids, although
the main parameters, i.e., total static exchange capacity
and surface area, of Amberlyst 36 Wet and Amberlyst
36 Dry are almost equal.

Overall, these results show that, among the
catalysts tested in this study, Amberlyst 36 Dry yields
higher conversion and selectivity in the malic acid
esterification process.

CONCLUSIONS

The results of this study show that during the
esterification of malic acid with butyl alcohol of
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