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The effect of physicochemical properties of NaX, NaY, and CaA zeolites, along with
NaX and CaA zeolites modified by Ni**, Sn?*, or Zn?* ions on their catalytic activity in
triglyceride transesterification with methanol and ethanol has been investigated. The
specific surface area, zeolite surface acidity and basicity, and the pH changes in the
aqueous catalyst suspensions were determined. Mixing NaX, NaY, and CaA zeolites
with distilled water results in a significant increase in the hydrogen ion concentration of
the aqueous suspension within the first 10 seconds, indicating the presence of strong
basic sites on the catalyst surface. A correlation was established between the initial rate of
transesterification and the ratio of base-to-acid sites on the catalyst surface. Modifying
NaX and CaA zeolites with Ni**, Sn?*, or Zn?* ions does not affect their specific surface
area but significantly reduces the ratio of the catalyst’s base-to-acid sites. Modifying CaA
zeolite with Ni?*, Sn?*, or Zn?" ions results in an approximately twofold increase in the
initial rate of triglyceride methanolysis and a 2.4- to 3.8-fold increase in the rate of
ethanolysis.
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Introduction

Using heterogeneous acid and base catalysts is
the primary approach to improving triglyceride
transesterification with lower aliphatic alcohols [1,2].
The physicochemical properties of these catalysts
significantly influence their activity. Catalyst
modification, specifically through the deposition of
active components on the surface, enhances their
catalytic performance.

Heterogencous catalysts do not require
neutralization after the reaction is complete. They
can be effortlessly separated from the reaction mixture
by filtration. These characteristics, along with high
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activity, contribute to the environmental sustainability
of such catalysts [3,4].

Crystalline manganese carbonate has been
considered an environmentally friendly, non-corrosive,
and safe catalyst for oil transesterification with
methanol [3]. Under optimal conditions, depending
on the origin of the oil, it can achieve triglyceride
conversion of 80—95%. The investigation demonstrates
that the catalyst retains its activity and can be reused
after separation from the reaction mixture.

The heterogeneous catalyst (calcium oxide
obtained from ostrich and chicken eggshells) reduces
the cost of purifying reaction products by 4—20%

This article is an open access article distributed under the terms and conditions of the Creative
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compared to homogeneous catalysts (sodium and
potassium hydroxides) [5]. The yield of fatty acid
methyl esters reaches 97% after 2 hours of
transesterification catalyzed by heterogeneous calcium
oxide at the temperature of 65°C, a molar ratio of
methanol to waste cooking oil triglycerides of 10 to 1,
and the catalyst content of 1.5 wt.%.

Oxides of divalent metals (zinc, nickel, iron,
copper, and manganese) show high activity as a
heterogeneous catalyst in the transesterification of
sunflower oil triglycerides with C,—C, aliphatic alcohols
[6]. The triglyceride conversion during their
transesterification with methanol, ethanol, or propane-
2-ol exceeds 95% after 150 minutes at the molar
ratio of triglycerides to alcohol of 1 to 6.5, the catalyst
content of 0.25 wt.%, and the temperature of 333 K
(by methanolysis) and 348 K (when using other
alcohols).

The heterogeneous kalsilite (KAISiO,) exhibits
low activity in the transesterification of soybean oil
with methanol [7]. The yield of methyl esters is only
54.4%. Modifying the catalyst surface (2.3 wt.%
lithium) with lithium nitrate allowed a 100% yield of
methyl esters. The catalyst retained its activity after
90 minutes of continuous reaction. Scanning electron
microscopy, X-ray spectroscopy, and X-ray diffraction
were employed to study the physicochemical properties
of the modified catalyst. The subsequent decrease in
catalyst activity was attributed to the poisoning of the
catalyst active sites, primarily due to the leaching of
lithium or potassium ions from the modified kalsilite.

v-Al,O; coated with alkaline compounds,
specifically lithium, sodium, or potassium hydroxides,
as well as sodium or potassium carbonates, has been
proposed as a catalyst for the methanolysis of canola
oil [8]. The best results were obtained applying sodium
or potassium compounds, leading to a yield of methyl
esters ranging from 73.4% to 82.3%. X-ray diffraction
was used to confirm the formation of the crystalline
phases, particularly K,Al,O, and NaAlO,, resulting
from the interaction of the applied components with
v-Al,O;. When lithium hydroxide was employed, new
phase formation was not observed, which correlates
closely with the achieved yield of methyl esters,
approximately 9%.

The base heterogeneous catalyst, obtained by
calcining scallop waste shells at 1000°C, yields 95.4%
fatty acid methyl esters after 3 hours at the temperature
of 65°C, the methanol to triglyceride molar ratio of
9 to 1, and the catalyst content of 10 wt.% [9]. The
authors investigated the catalyst properties using XRD,
XRF, SEM, and BET surface area measurements,
finding that its primary component is calcium oxide.

Mg-Al hydrotalcite was used as a catalyst for the

poultry fat transesterification with methanol [10].
Calcining Mg-Al hydrotalcite enhanced the catalyst
activity and ensured its regeneration and reusing. The
reaction occurred at a temperature ranging from 60 to
120°C, a methanol to triglyceride molar ratio between
6:1 and 60:1, and the catalyst content varying from
81073 to 8-1072 g/mL. The physicochemical properties
of catalysts were determined, including their specific
surface area, acidity, and basicity. The catalysts
exhibited high activity in the absence of leaching.

Obtained by depositing 5wt.% molybdenum on
a y-AlLO,-MgO support containing 5—20 wt.% of MgO
bifunctional catalyst was proposed for waste cooking
oil transesterification with methanol [11]. A catalyst
obtained on a carrier containing 15 wt.% of MgO
exhibits the highest activity. This catalyst yields 91.4%
fatty acid methyl esters at a molybdenum content of
5 wt.%, a temperature of 100°C, and a methanol to
triglyceride molar ratio of 1 to 27. This heterogeneous
catalyst has the essential advantage of reusing at least
8 times without activity loss.

d-Metal oxides, primarily zinc and nickel, are
effective catalysts for sunflower oil triglyceride
transesterification with butane-1-ol [12]. The effect
of the oxide, the molar ratio of butane-1-ol to
triglycerides, and the catalyst content in the reaction
mixture on the triglyceride conversion and the
butanolysis initial rate were investigated. The
triglyceride conversion exceeded 97% after 120 minutes
of reaction at a temperature of 383 K, a catalyst
content (nickel or zinc oxide) of 0.25 wt.%, and a
molar ratio of butane-1-ol to triglycerides of 15:1 to
20:1.

This study aims to investigate the effect of zeolite
physicochemical properties on their activity in the
triglyceride transesterification with methanol and
ethanol.

Experimental

Refined sunflower oil (according to the
Ukrainian state standard DSTU 4492:2017), methanol
(reagent grade), and ethanol (according to the
Ukrainian state standard DSTU 4221:2003) were used
for transesterification. The ethanol was dried over
calcined magnesium sulfate, resulting in a final water
content of less than 0.5 vol.%. NaX, NaY, and CaA
zeolites, along with NaX and CaA zeolites modified
with Ni?*, Zn?*, and Sn?" ions were used as
transesterification catalysts.

Transesterification was carried out in a three-
necked flask equipped with a reflux condenser. A
magnetic stirrer was used to stir the reaction mixture.
The reaction conditions were chosen based on the
results of our prior studies to maximize triglyceride
conversion. The methanolysis temperature was set at

Effect of zeolite physicochemical properties on triglyceride transesterification with methanol and ethanol
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333 K, while the ethanolysis temperature was
established at 348 K. The molar ratio of triglycerides
to alcohol was 1 to 4.7, with the catalyst content in
the reaction mixture at 0.25 wt.%.

The specific surface area of the zeolites was
determined via methylene blue adsorption according
to the methods described elsewhere [13,14]. The volume
of methylene blue solution with a concentration utilized
to titrate the zeolite sample was used to calculate its
specific surface area:

Vi N, Syg My
M- Vy-me

S =

(D)

where N, is the Avogadro number (6.023-10% mol™');
S5 is the surface of one molecule area of methylene
blue situated on the surface (1.3-107'8 m?); M, is the
molar mass of methylene blue (319.87 g/mol);
m,, is the weight of the methylene blue sample used
to prepare the titration solution (g); ¥ is the volume
of the prepared methylene blue solution (mL);
V;is the volume of the methylene blue solution used
for titration (mL); and my is the weight of the zeolite
sample (g).

The determination of the specific surface area of
zeolites using this method is based on the similarity
in size between the methylene blue molecule
(1.7x0.76x0.33 nm [15]) and the average size of the
triglyceride molecule (1.5—2.0 nm [16]).

The surface acidity and basicity of the zeolites
were determined using the method described in refs.
[17—19]. For the acidity assessment, a zeolite sample
was immersed in a specified volume of aqueous
ammonia solution at a concentration of 0.01 mol/L
for 30 minutes. An aliquot of this solution was titrated
with titrated with a 0.005 mol/L sulfuric acid solution
using a 1% phenolphthalein solution as an indicator.
The zeolite surface acidity (mol/g) was calculated using
the following equation:

k'(VA 'CA _VSA 'CSA)
1000-m,, ’

A

(2)

where V, is the volume of ammonia solution in which
the zeolite sample was immersed (mL); C, is the
ammonia solution concentration (0.01 mol/L);
Vs, is the volume of sulfuric acid solution used for
titrating the aliquot of the ammonia solution (mL);
C,, is the sulfuric acid solution concentration
(0.005 mol/L); k is the ratio of ammonia solution
volume in which the zeolite sample was immersed to
the volume taken for titration; and m, is the mass of
the metal oxide sample (g).

To evaluate the basicity of the zeolite surface,

the zeolite was immersed in a specified volume of
acetic acid solution at a concentration of 0.01 mol/L
for 30 minutes. An aliquot of this solution was taken
and titrated with a 0.01 mol/L sodium hydroxide
solution using a 1% phenolphthalein solution as an
indicator. The basicity of the zeolite surface (mol/g)
was calculated using the equation:

k'(VAA 'CAA _VSH 'CSH)

C, =
1000- m, )

(3)

where V,, is the volume of acetic acid solution in
which the zeolite sample was immersed (mL);
C,, is the acetic acid solution concentration
(0.01 mol/L); Vs is the volume of sodium hydroxide
solution used for titrating the aliquot of the acetic
acid solution (mL); C, is the sodium hydroxide
solution concentration (0.01 mol/mL); k is the ratio
of acetic acid solution volume in which the zeolite
sample was immersed to the volume taken for titration;
and my is the mass of the zeolite sample (g).

The changes in the hydrogen potential of the
aqueous zeolite suspension were measured using a
METTLER TOLEDO SevenCompact S220 pH/Ion
meter to evaluate the strength of acid and base sites
following the method described in ref. [19]. The pH
of distilled water (previously boiled and cooled in the
absence of air to remove dissolved CO,) was
determined. A zeolite sample was then added to the
distilled water with vigorous stirring, and the pH of
the resulting suspension was monitored over time.

The initial rate of transesterification was calculated
using the following equation:

N o~ g s

V-t ’

r

(4)

where n;, is the initial amount of triglyceride (mol);
nrg.1s is the amount of triglyceride after 15 minutes of
transesterification (mol); Vis the reaction mass volume
(mL); and 7 is time (s).

Results and discussion

The specific surface area of the NaX, NaY, and
CaA zeolites ranges from 0.8 to 1.0 m?/g (Table 1).
The measured values of the specific surface area correlate
well with the outer surface values of the zeolites
determined via the nitrogen adsorption method at
77 K [20]. Considering the average size of the
triglyceride molecule and the pore diameter of the
zeolites, which does not exceed 1 nm, we can infer
that the reaction occurs on the outer surface of the
catalyst.
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According to the evaluation of changes in the
hydrogen potential of the aqueous catalyst suspension,
the pH versus time curves exhibit similar behavior
across all studied zeolites. The most significant change
in the pH of the aqueous suspension occurs within
the first 10 seconds following the mixing of the
heterogeneous catalyst with distilled water (Fig. 1).
This rapid change in pH, combined with the
equilibrium of pH value of the aqueous suspension,
indicates the presence of strong base sites on the
catalyst surface.

z 5
<
4 -
3 -
2 -
—6—NaX
| A —8-NaY
—a—CaA
0 T T T 1
0 30 60 90 120
Time, s

Fig. 1. The ApH values of zeolite aqueous suspension versus
time. The point at which the catalyst was added to distilled
water was recognized as 0 s

The zeolite surface acidity and basicity values
correlate well with the observed changes in pH values
in their aqueous suspension. The acidity of the zeolite
surface ranges from 0.18 to 0.3 mmol/g zeolite, which
is 3.3 to 11.1 times lower than the surface basicity of
the zeolites.

Catalysis of triglyceride transesterification by
NaX and NaY zeolites provides the highest initial
reaction rates of 4.7-107* to 4.8-10™* mol/(L-s) for
methanolysis and 2.7-107* to 2.9-107* mol/(L-s) for
ethanolysis (Table 2). The measured initial rate of
transesterification correlates well with the ratio of base
and acid sites on the catalyst surface, which is highest
for NaX and NaY zeolites, totaling 11.1 and 4.8,
respectively.

The base-to-acid site ratio for CaA zeolite does
not exceed 3.3 (Table 1). Consequently, this catalyst
provides a significantly lower initial rate for triglyceride
methanolysis and ethanolysis (Table 2).

Our previous research demonstrated that zinc
and nickel oxides are effective transesterification
catalysts [6]. To replace Bronsted acid centers with
Lewis centers, NaX and CaA zeolites were modified
with divalent metal ions. Modifying NaX and CaA
zeolites with Ni?*, Sn>*, or Zn>* ions has a minimal
impact on the specific surface area of the zeolites,
resulting in a slight decrease of 1—5% (Table 3).

However, the modification of zeolites with metal
ions significantly alters their acid-base properties.
Notably, modifying NaX zeolite with Sn*" or Zn?*
ions increases the acidity of the catalyst surface by
1.8—2.1 times compared to the unmodified zeolite.
Simultaneously, doping these metal ions onto the

Table 1
Physicochemical characteristics of zeolites
. The specific Acidity of the Basicity of the End pH Value. of
Zeolite surface area, surfaces, pH change aqueous zeolite
2 surfaces, mmol/g .
m’/g mmol/g suspension
NaX 091 0.18 2.0 4.39 10.29
NaY 1.02 0.25 1.2 3.73 9.62
CaA 0.82 0.39 1.0 4.08 10.20
Table 2

Effect of zeolites on the initial rate of triglyceride transesterification. The catalyst content is 0.25 wt.%, the molar ratio
of triglycerides to alcohol is 1 to 4.7, and the reaction temperature is 333 K (methanolysis) and 348 K (ethanolysis)

Zeolite The triglyceride r4nethanolysis initial rate, The triglyceride4ethanolysis initial rate,
r-10", mol/(L-s) r-10", mol/(L-s)
NaX 4.7 2.7
NaY 4.8 29
CaA 3.0 1.0

Effect of zeolite physicochemical properties on triglyceride transesterification with methanol and ethanol



84

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2025, No. 6, pp. §0-87

zeolite surface results in a sharp decrease in surface
basicity. The basicity of the NaX zeolite surface
modified with Sn?* or Zn?* ions reduces by
50.6—74.2 times, whereas the surface basicity decrease
for the zeolite modified with Ni?* ions is only
5.9 times.

The modification of CaA zeolite with Ni**, Sn**,
or Zn?>* ions reduces both the acidity and basicity of
the catalyst surface (Table 3). The acidity of the CaA
zeolite surface decreases by 1.1—1.9 times, while its
basicity decreases by 4.9—6.0 times.

Unlike unmodified zeolites, when the modified
zeolites are suspended in distilled water, no sharp
change in the suspension pH is observed (Fig. 2).

The much shorter interval of pH value changes
and the relatively long time required to reach
equilibrium indicates that most strong base sites on
the zeolites were eliminated due to a modification.
Obviously, these changes are the consequence of ion
exchange that occurred during the zeolite surface
modification. It should be emphasized that the most

significant change in pH is observed when zeolites
modified with Zn?* ions are added to distilled water.

The modification of NaX and CaA zeolites with
metal ions significantly affects the initial rates of
triglyceride transesterification with methanol and
ethanol (Table 4). It was observed that modifying
NaX zeolite with Ni?* or Zn?>* ions leads to a notable
decrease in the initial rate of methanolysis by 2.6 and
1.6 times, respectively. Modifying this zeolite with
Sn?* ions has a negligible influence on the initial rate
of methanolysis. However, the modification of NaX
zeolite with Sn?* or Zn?* ions significantly enhances
the initial rate of ethanolysis, while doping the zeolite
surface with Ni** ions shows a negligible impact on
the initial rate.

CaA zeolite modification with Ni**, Sn?*, or
Zn?** ions notably enhances the initial rates of both
methanolysis and ethanolysis. Using modified CaA
zeolite increases the initial rate of triglyceride
methanolysis by approximately 2 times, while the
initial rate of triglyceride ethanolysis enhances by

Table 3
Physicochemical characteristics of zeolites modified with divalent metal ions
. Acidity of the | Basicity of the End pH value of
. . The specific surface .
Zeolite/cation 2 surfaces, surfaces, pH change aqueous zeolite
area, m’/g )
mmol/g mmol/g suspension
NaX/Ni* 0.86 0.17 0.20 0.57 6.10
NaX/Zn** 0.84 0.33 0.02 1.85 7.30
NaX/Sn** 0.87 0.38 0.02 1.27 6.20
CaA/Ni*" 0.78 0.20 0.21 1.52 6.77
CaA/Zn** 0.76 0.26 0.18 2.30 7.55
CaA/Sn** 0.79 0.27 0.19 1.64 6.85
igz'o 1 —e—NaX/Sn 7] —Caani
—8—-NaX/Zn —8-CaA/Zn

L5

——NaX/Ni

1.0
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0.0
0
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b

Fig. 2. The ApH values of a modified NaX and CaA zeolite aqueous suspension versus time. The point at which the catalyst was

added to distilled water was recognized as 0 s
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2.4—3.8 times. The modification of zeolite with Ni**,
Sn?*, or Zn** ions proves particularly effective for the
ethanolysis of triglycerides.

Conclusions

It has been established that the initial rate of
triglyceride transesterification with methanol and
ethanol catalyzed by NaX, NaY, and CaA zeolites
correlates well with the ratio of base and acid sites.
Modifying CaA zeolite with Ni**, Sn?>*, or Zn?* ions
significantly influences the acid-base properties of the
catalyst surface by notably reducing the surface basicity.
The doping of zeolite surface with divalent metal ions
increases the initial rate of triglyceride methanolysis
and ethanolysis by 2 and 2.4—3.8 times, respectively.
The modification of zeolites is most effective for
triglyceride ethanolysis.
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BILIUB ®I3UKO-XIMIYHUX BJIACTUBOCTEN
HOEOJITIB HA TPAHCECTEPU®IKALIIIO
TPULIIEPUAIB METAHOJIOM TA ETAHOJIOM

FO. Meavnux, P. Maaacusix, C. Meavnux, I. Macopiecoka

BcranoBieHo BIUIMB (Di3MKO-XiMIYHUX BJIACTUBOCTEH
meouitiB NaX, NaY ta CaA, a takox meouitiB NaX i CaA,
momudikoBanux ionamu Ni**, Sn?* abo Zn?", Ha iXHIO Kartai-
TUYHY aKTUBHICTb y TIpoLeci TpaHcecTepudikallii TpUnIinepumin
METaHOJIOM Ta €TaHOJIOM. BU3HaueHO MUTOMY IUIOLLY MTOBEPXHi
LIEOJIITIB, KMCJIOTHICTh 1 OCHOBHICTH iX MOBepXHi Ta 3MmiHy pH
BOJHOI cycrieH3ii KaTtaiizaropa. BctaHOBIeHO, 110 TIPU 3MilITy-
BaHHi weodiTiB NaX, NaY ta CaA 3 OUCTWJIBOBAaHOIO BOIOIO
npotaroM mepimux 10 ¢ cmocTepira€Tbes pizka 3MiHA BOIHEBO-
ro MOTEHLiaJTy BOTHOI CyCIIeH3ii, 1110 CBIMYUTh MPO MPUCYTHICTh
Ha IMOBEPXHI KaTaji3aTopiB CUJIbHUX OCHOBHMX LieHTpiB. Ilo-
Ka3aHo, 10 iCHYE KOpEJsIis MiX MOYaTKOBOIO IIBUIKICTIO
peakiii TpaHcecTepudikalii TPULIILIEPUIIB Ta CIiBBiIHOIICH-
HSIM KiJIBKOCTi OCHOBHUMX i KMCJIOTHMX IIEHTPIiB Ha ITOBEPXHI
Karajizaropa. BcraHoBieHo, 1o MmoardikyBaHHs 1eomitiB NaX
ta CaA ionamu Ni**, Sn?" a0o Zn?>' He BIUIMBA€ Ha IXHIO IIUTO-
My IUIOLLY ITOBEpPXHi, IIPOTE iCTOTHO 3HWXKYE CITiBBiIHOIICHHS
KUJIBKOCTI OCHOBHMX Ta KHCJIOTHUX ILIEHTPIB KaTaji3aTopiB.
MonmudikyBanns ueosity CaA ionamu Ni**, Sn?" abo Zn?" mae
3MOTY MiIBUIIUTUA TIOYATKOBY HIBUAKICTH peakilii METaHOJi3y
TPUTTILEPUAIB TTPUOIN3HO Yy 2 pa3u, a peaklii eTaHOIi3y — y
2,4—3,8 pasiB.

KiouoBi ciioBa: Tpuritiliepuau, 1eoJliT, METaHOJI, €TaHOJ,
TpaHcecTepudikallis, TeTepOoreHHUI KaTali3aTop.

EFFECT OF ZEOLITE PHYSICOCHEMICAL
PROPERTIES ON TRIGLYCERIDE
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The effect of physicochemical properties of NaX, NaY,
and CaA zeolites, along with NaX and CaA zeolites modified by
Ni?*, Sn?*, or Zn?' ions on their catalytic activity in triglyceride
transesterification with methanol and ethanol has been investigated.
The specific surface area, zeolite surface acidity and basicity, and
the pH changes in the aqueous catalyst suspensions were
determined. Mixing NaX, NaY, and CaA zeolites with distilled
water results in a significant increase in the hydrogen ion
concentration of the aqueous suspension within the first 10 seconds,
indicating the presence of strong basic sites on the catalyst surface.
A correlation was established between the initial rate of
transesterification and the ratio of base-to-acid sites on the catalyst
surface. Modifying NaX and CaA zeolites with Ni**, Sn?", or
Zn?* ions does not affect their specific surface area but significantly
reduces the ratio of the catalyst’s base-to-acid sites. Modifying
CaA zeolite with Ni?*, Sn>", or Zn?>" ions results in an
approximately twofold increase in the initial rate of triglyceride
methanolysis and a 2.4- to 3.8-fold increase in the rate of
ethanolysis.

Keywords: triglyceride; zeolite; methanol; ethanol;
transesterification; heterogeneous catalysts.
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