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Abstract: Glycerine (glycerol) is a polyol consisting of three carbon atoms bonded to hydroxyl
groups. It is a by-product of the transesterification of triglycerides, such as animal fats, vegetable
oils, or used cooking oils during the biodiesel production process. Crude glycerine is subject to
purification processes resulting in distilled glycerine containing at least 99.5% glycerol. Currently,
produced high-quality distilled glycerine is used in the food, pharmaceutical, and cosmetic industries.
Recently, technologies for converting glycerol to other chemicals through catalytic processes have been
intensively developed, e.g., production of bio-based 1,2-propanediol. In the near future, glycerol will
certainly become a promising renewable raw material in many modern biorefineries for the synthesis
of biofuels, chemicals, and bioenergy production. This paper presents the possibility of using ion
exchange resins to remove impurities with trace amounts of sulphur and nitrogen compounds from
crude and distilled glycerine, produced during the biodiesel production process from used cooking
oils. It was determined that using ion exchange resins at the preliminary purification stage (before
distillation) was ineffective. Using cationite resins to purify distilled glycerine produced from waste
materials enables the removal of impurities in the form of sulphur and nitrogen compounds.

Keywords: glycerine; biodiesel; biofuels; bio-based chemicals; purification of glycerine; used cooking
oils; ion exchange resins

1. Introduction

Glycerine (glycerol or propane-1,2,3-triol) is a polyol containing three carbon atoms
bonded to hydroxyl groups. It is a hygroscopic liquid that mixes with water in any ratio.
Glycerine is a by-product of the production of fatty acid methyl esters (FAMEs) during
the transesterification of triglycerides such as animal fats or vegetable oils [1]. Used
cooking oils (UCOs) can also be used as an alternative raw material for the production
of FAMESs and glycerine [2]. Triglycerides react with methanol, producing glycerine and
FAME:s in a mass ratio of approximately 1:10 [3]. Crude glycerine is also obtained as
a by-product from the hydrolysis of fats during soap production [4]. Glycerol can also
be produced in other processes, e.g., from petrochemical raw material (epichlorohydrin
and propylene). However, these processes are not used in a large industrial scale for the
production of propane-1,2,3-triol. As a result of the development of modern biorefineries
and the increase in the volume of biodiesel produced, the glycerine supply is increasing
every year [5]. Crude glycerine is subjected to purification processes resulting in distilled
glycerine containing at least 99.5% of glycerol. Currently, high-quality distilled glycerine
in accordance with the European and American Pharmacopoeia (EP/USP grade) [6,7] is
produced and used in the food, pharmaceutical, and cosmetic industries [8]. In recent
years, there has been a strong development of processes for the conversion of glycerol
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to other bio-based products, e.g., 1,2-propanediol [9], epichlorohydrin, acrolein, or 1,3-
propanediol [10], and even bio-based hydrogen [11]. The bacteriological conversion of
glycerol to fuels and chemicals has been also confirmed by research [12,13]. An essential
and developing issue is the catalytic conversion of glycerine to olefins [14,15]. The use of
glycerine in catalytic processes and conversion to other compounds places new quality
requirements on this raw material. Great emphasis is placed on developing environmentally
safe (eco-friendly) processes and the use of by-products/waste for the production of organic
substances [16]. The production of second-generation biodiesel from waste cooking oil
is a promising solution towards improving energy security [17], minimising waste, and
promoting a circular economy [18,19]. Compared to FAMEs produced from vegetable
oils, FAMEs from UCOs (also called UCOMESs) are characterised by a significantly higher
CO; emission reduction rate. In 2021, with the entry of Directive 2018/2001 (RED II) into
force on the promotion of energy from renewable sources, including in particular those
derived from non-food and waste raw materials, the raw materials indicated in Annex
IX of the directive are increasingly used in chemical production [20]. In the case of the
production of FAMEs, the waste raw materials used are UCOs and category II animal
fats. The largest manufacturers on the European market produce over 0.7 million tons of
second-generation (2G) biodiesel. The demand in Europe for 2G esters in 2025 is forecasted
at a level exceeding 5 million tonnes. Glycerine in this process is obtained as a by-product,
classified as a product produced from waste raw materials. This glycerine is of lower
quality to the product obtained from pure vegetable oils, which currently precludes its use
without additional purification in many applications [21]. The expected development of
the biodiesel market will result in an increase in the amount of glycerine produced from
other waste-based raw materials than before.

The purification process of crude glycerine from biodiesel production used by many
manufacturers can be divided into three primary stages [22]. The first stage involves the
removal of residual glycerides, free fatty acids, soaps, and catalyst residues, which can be
removed, e.g., by precipitation as a result of neutralisation. The next stage is to remove
methanol and water from the glycerine stream by distillation. The final stage is vacuum
distillation and sorption using activated carbon to remove trace impurities. The glycerine
produced in this way, called “distilled glycerine”, is a product with applications in the food,
pharmaceutical, cosmetic, and feed industries. Other methods of glycerine purification
include sorption on ion exchange resins and activated carbon [23], membrane filtration
methods [24], extraction [25], and derivatization [26]. Producers of high-quality distilled
glycerine use purification technologies consisting of several unit stages based on the above-
mentioned processes to remove unwanted impurities and increase the usability of glycerine
for catalytical processes and final applications. The most frequently used unit process in any
glycerine purification technology is vacuum distillation. The vacuum distillation process is
very effective in obtaining high-quality distilled glycerine. A frequently used process at the
final stage in glycerol purification technologies is adsorption with activated carbon. This
process is mainly used after vacuum distillation to improve the final colour of the product.
Currently it is very important to implement a process to remove trace amounts of sulphur,
chlorine, and nitrogen impurities from glycerine produced from waste materials.

Impurities such as fatty acids, inorganic salts, and inorganic bases and acids can be
removed from crude glycerine by sorption on ionites [27]. Ion exchange resins are polymers
that can replace the ions present in solution with protons (cationites) and hydroxyl ions
(anionites) [28]. Anionites have positively charged functional groups, e.g., quaternary
amine groups -R3N*, which form ionic bonds with anions (in the active state with hydroxyl
ions). In contrast, cationites have negatively charged functional groups (e.g., -SO5 sulfonic
groups). Some technologies use ion exchange processes at one stage, for example, between
the neutralisation and distillation stages [29]. Based on an analysis of the literature data on
ion exchange resins in glycerine purification processes, it can be concluded that they can
remove contaminants of the inorganic salt [30].
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Glycerine from the transesterification of UCOs/waste oils or animal fats may contain
an increased amount of impurities, mainly metals, sulphur, chlorine, and nitrogen, com-
pared to glycerine from vegetable oil processing. This is related to the variable quality
of UCOs and waste animal fats used to produce FAMEs and glycerine [31]. The research
presented in this paper was aimed at comparing the impurities present in glycerine of
different origins and the verification of the purification process—sorption on ion exchange
resins and activated carbon.

The purity of glycerine is crucial for its selective further conversion to other bio-
based products. Therefore, in order to prepare the raw material for the dedicated process,
it is necessary to use an effective purification stage adapted to the quality of the raw
material and the quality requirements of the glycerine produced from waste materials. The
conversion of glycerol to high-quality products can be carried out by processes such as
oxidation, carbonylation, reforming, acetylation, etherification, esterification, dehydration,
hydrogenation, and fermentation [32-34].

Currently, glycerine contaminated with sulphur and nitrogen compounds cannot be
used in the catalytic processes mentioned above due to the poisoning of the used cata-
lysts. During the analysis of the scientific literature and the study of the state of the art,
no works related to the assessment of impurities in the form of sulphur, nitrogen, and
chlorine compounds in glycerol were found. Thus, no studies were found that were aimed
at reducing impurities causing deactivation of the catalysts used in glycerine synthesis
processes. Due to the very strong development of processes for glycerol conversion into
many other bio-based products, and the increasingly frequent use of catalytic processes, it
is crucial to verify the quantity of impurities limiting the lifetime of the catalysts used and
implement processes that allow a reduction in certain impurities to safe levels. The imple-
mentation of an innovative glycerine purification process can significantly affect the market
of bio-based chemicals, the production of which is currently favoured. Increasing amounts
of glycerine can be used in the production of chemicals, which are currently produced
from petroleum-derived raw materials. A strong development of glycerine purification
processes is necessary, along with the increase in biodiesel production, especially from
waste such as UCOs [35].

2. Materials and Methods
2.1. Materials and Sample Preparation

The experiments were conducted on samples of distilled glycerines present in the
Polish and European markets and the crude glycerines subjected to preliminary purifica-
tion. Samples derived from the biodiesel production process where they are used as raw
materials, vegetable oils, UCOs, and mixtures of vegetable oils, UCO and IInd category
animal fats (Table 1).

Table 1. Glycerine samples.

Number of Sample Origin of Sample

Veg_1
Veg_2 Vegetable oils
Veg_3
Mix_4
Mix_5
Mix_6

Mixed:
min. 90% vegetable oils, max. 10% UCO and

Mix_7 .
Mix_8 II category animal fats
Mix_9

UucCco_10 Uuco

Samples were described in accordance with the guideline: “veg” means vegetable-based material, “mix” means
mixed based materials (vegetable, UCOs, and animal fats), and “UCOs” means UCO-based material.
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Samples veg_1, veg_2, veg_3, and mix_4 are commercially distilled glycerines, while
samples mix_5, mix_6, mix_7, mix_8, mix_9, and UCO_10 are distilled glycerines obtained
from crude glycerines in laboratory conditions. The crude glycerines were characterised
by significant levels (up to 20% (m/m)) of impurities in the form of organic compounds
other than glycerol (MONG). These glycerines were subjected to multi-stage purification
processes based on the standard processes used in industry technologies, including;:

Separation of impurities by sedimentation.

Reaction with an alkaline agent (strong base) at 80 °C for 1.5 h.
Filtration of the reaction mixture under reduced pressure.
Removal of water on a vacuum evaporator at 20 mmHg.
Vacuum distillation at 1 mm Hg.

Sorption on activated carbon.

The properties of distilled glycerines have been presented in Table 2.

Table 2. Results of analyses of distilled glycerine samples.

Density at Glycerol Sulphur Nitrogen Chlorine Water
15°C Content Content Content Content Content
Origin of the Sample No kg/m? % (m/m) mg/kg mg/kg mg/kg mg/kg
Sample
Veg_1 1264.0 99.9 <1.0 <1.0 <1.0 820
Vegetable oils Veg_2 1263.8 99.9 <1.0 <1.0 <1.0 800
Veg_3 1263.7 99.8 <1.0 <1.0 <1.0 2600
Mix_4 1263.5 99.8 3.5 3.2 <1.0 76
Mix_5 1263.2 99.9 2.5 5.8 <1.0 1600
Mixed Mix_6 1263.4 99.7 3.2 3.6 <1.0 1400
1xe Mix_7 1261.2 98.9 3.1 5.3 <1.0 11,000
Mix_8 1263.7 99.9 2.7 5.5 <1.0 883
Mix_9 1263.6 99.8 25 4.8 <1.0 3000
uco UucCcOo_10 1263.4 99.7 1.7 17.0 <1.0 870

Based on the analysis of the results presented in Table 2, it can be concluded that
distilled glycerines obtained by standard industrial processes contain less than 1 mg/kg
chlorine regardless of their origin. The sulphur and nitrogen content of distilled glycer-
ines is closely related to the origin of the raw materials from which they were produced.
Vegetable-based glycerines are virtually uncontaminated with sulphur, nitrogen, and chlo-
rine compounds and do not require additional purification processing. They are quoted as
reference samples in the paper. The level of individual impurities does not exceed 1 mg/kg.
Glycerines derived from mixed raw materials (10% UCOs and animal fats, 90% vegetable
oils) are characterised by elevated sulphur and nitrogen content. The sulphur content is
2.5-3.5 mg/kg, and the nitrogen content is 3.2-5.8 mg/kg. Glycerine derived from UCOs
has a significant nitrogen content of 17 mg/kg. These impurity levels preclude glycerine
produced from waste raw materials in catalytic conversion processes to other bio-based
products due to the potential risk of catalyst poisoning. Sample Mix_7 had an increased
water content when compared to the different samples. Glycerine purification tests us-
ing ionites were carried out for samples mix_4, mix_5, mix_6, mix_7, mix_8, mix_9, and
UCO_10.

The tests used ion exchange resins (ionites) (Table 3, Figure 1).

In addition, granular activated carbon with the following properties was used in the
tests: iodine number: 1.000 £ 50 mg/g, granulation 12 x 40 mesh (0.425-1.7 mm), moisture
content max. 0.5%, bulk density 440 kg/m3, hardness min. 90%, pH 9-11.
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Table 3. Ion exchange resins’ characteristics.

. . . Particle Density Water Content Total Exchange

Ion Exchange Resin Designation [kg/m®] [%m/m] Capacity [eq/L]
Strong acid cation exchanger, gel form, H* form Kat_1 1190 48-58 >1.80
Strong acid cation exchanger, gel form, H* form Kat_2 1130 62-72 >1.10
Strong acid cation exc}langer, highly porous type, Kat 3 1190 4555 >1.50

H* form

Strong base anion exchanger, gel form, CI" form Anio_1 1100 45-51 >1.25
Strong base anion exchanger, gel form, ClI” form Anio_2 1070 49-59 >1.20

Figure 1. Ion exchange resins at 40x magnification (a) Kat_1, (b) Kat_2, (¢) Kat_3, (d) Anio_1,

(e) Anio_2.

2.2. Glycerine Purification Tests with Ion Exchange Resins

Distilled glycerine samples Mix_4-Mix_9, and UCO_10 were subjected to purification
using ion exchange resins. The test equipment consisted of a glass column heated by a
heating tape and a vacuum pump temperature control system (Figure 2). The column was
filled with a 10 cm tall ionite bed. The volume of glycerine in contact with the ionite was

approximately 9 cm®. Process conditions:

e  Temperature: 60 °C,

e The flow of glycerine through the ionite bed at a rate of approx. 2-5 cm®/min forced

by a vacuum generated by a diaphragm pump,
The column had a stabilisation time of approx. 20 min,

The contact time between the glycerine and the ionite was approximately 2-5 min.

2.3. Analytical Methods

The analytical methods listed were used to quantitatively analyse the impurities in
the raw material samples and the products obtained during the tests (Table 4).
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distilled
glycerol
electric heating mantle,
T ~60°C
| —
1
AR | _|—— ionite duble layer
.
to the vacuum pump,
P~10 mmHg
purified
glycerol
Figure 2. Scheme of the purification column of glycerine with the use of ion exchange resins.
Table 4. Methods of examining the samples.
No. Parameter Unit Description of the Method Procedure/Standard
1. Density at 15 °C kg/m3 the oscillating method with U-tube PN-EN ISO 12185:2002 [36]
2. Water content mg/kg coulometric titration by the Karl Fischer method PN-EN ISO 12937:2005 [37]
3. Glycerol content %m/m gas chromfatogral:.) hy with C.;C-FID flame GC method !
ionization detection
4. Sulphur content mg/kg ultraviolet fluorescence method PN-EN ISO 20846:2012 [38]
5. Nitrogen content mg/kg oxidative combustion with chemiluminescence detection ASTM D 4629-17 [39]
6. Chlorine content mg/kg oxidative microcoulometric method PN-EN 14077:2008 [40]

! Determination by gas chromatography with flame ionization detection GC-FID. A capillary column with a thick
film of the stationary phase Carbowax 20 M. Flame ionization detector FID operating at 250 °C. The sample was
introduced through the injector at 250 °C to the column with a temperature program in the range of 110-300 °C.
Calibration technique: internal standard method, using reference material: 1,3-propanediol. Carrier gas: argon.

3. Results and Discussion

Glycerine samples of mixed origin and from UCOs were selected for testing with ion
exchange resins to verify the possibility of reducing the impurities affecting the elevated
sulphur and nitrogen content.

3.1. Test of Ion Exchange Resin with Crude Glycerol

As part of the assessment of the feasibility of using ion exchange resins to purify
crude glycerine, a test of contacting the Mix_4 sample before distillation with the Anio_2
anionite was performed. The sample was pre-treated by separating suspended impurities
in the sedimentation process. The Mix_4 sample was then contacted with the anionite
in compliance with the procedure described in Section 2.2. After passing approximately
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12.0

10.0

0.0

200 cm? of sample through the column, a decrease in flow rate was observed followed by
complete blockage. After dismantling the system, it was observed that the anionite grains
were stuck together by a thick, dark and water-insoluble liquid. The test was repeated
using Mix_5 crude glycerine and Kat_1 ionite. The test results were comparable—complete
blockage of the flow was observed after passing approximately 180 cm® of the sample.
Based on infrared spectral analysis, it was proven that the filter-blocking substance was
mainly a mixture of esters and free fatty acids (FFAs).

Using ionites at the preliminary purification stage (before distillation) is ineffective
because the impurities present in the glycerine are released as a separate phase therefore
blocking the flow of glycerine through the ionite bed. This calls into question the feasibility
of the process for removing impurities such as fatty acids or inorganic salts from crude
glycerine using ion exchange resins described in the literature [41].

3.2. Test of Anion Exchange Resin with Distilled Glycerol

Tests were undertaken to assess the feasibility of using an ion exchange resin of the
anionite type using two resins, Anio_1 and Anio_2, with a sample of Mix_4 distilled glycer-
ine. The tests were performed in compliance with the procedure described in Section 2.2.
The samples obtained during the tests were tested and the results are presented in Figure 3.
It was observed that there was a contamination of the distilled glycerine with chloride ions
and a slight increase in the concentration of nitrogen compounds. For this reason, using
the tested anionites to purify distilled glycerine should be considered ineffective.

Nitrogen content in the raw material Nitrogen content in the product
Chlorine content in the raw material E Chlorine content in the product

3.2

5.3

3.9
3.2

1.0 1.0

Anio_2 Anio_l
Figure 3. Results of tests with the use of anion exchange resin and glycerine mix_4.

3.3. Test of Cation Exchange Resin with Distilled Glycerol

In the subsequent testing stage, the possibility of using cation exchange resins to
remove impurities, in the form of a sulphur and nitrogen compounds, from distilled
glycerine was verified. Nine tests were performed using different raw materials and ion
exchange resins. Table 5 presents the test characteristics. The testing procedure is described
in Section 2.2.
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mg/kg

16.0

14.0

120

10.0

4.0

2.0

0.0

3.2
2.1

Test_1

Table 5. Test description of cation exchange resin with distilled glycerol.

Test No. Cation Exchanger Glycerine Sample
Test_1 Kat_1 Mix_4
Test_2 Kat_1 Mix_5
Test_3 Kat_1 Mix_6
Test_4 Kat_1 Mix_7
Test_5 Kat_2 Mix_7
Test_6 Kat_1 Mix_8
Test_7 Kat_2 Mix_9
Test_8 Kat_1 UCO_10

During test No. 9 (cation exchanger: Kat_3, glycerine sample: Mix_7), we did not yield a sample for further
testing. The column was blocked during the process. Kat_1 resin was the basic material (representative of strong
acid cation exchangers in gel form) used for the tests. In order to confirm the efficiency of purification by strong
acid cation exchanger in gel form, the same type of exchanger (Kat_2) was used—one test with the same sample
and a second test with another sample.

The physicochemical properties of the purified distilled glycerines are shown in
Figures 4-6.

Nitrogen content in the raw material Nitrogen content in the product 17.0
5.8
5.3 5.3 5.5
43
3.6
1.0 1.0 5 1.0 1.0 1.2 1.0
Test_2 Test_3 Test_4 Test_5 Test_6 Test_7 Test_8

Figure 4. Nitrogen content in the raw materials and products.

As a result of the test, a significant level of nitrogen reduction in the samples after the
purification process was achieved. Cationites have a high potential for reducing impurities
from nitrogen compounds. This is due to the amino groups in a protonated form in
the structure of compounds that compromise glycerine impurities. The most significant
reduction was observed in the sample from UCOs, with as much as a 17-fold reduction in
nitrogen content during the test. In seven cases, the nitrogen results in the product samples
did not exceed 1.5 mg/kg; in only one test, the result was 2.1 mg/kg. Based on the obtained
data, the great potential of implementing a process using cationites in distilled glycerine
purification technology can be observed.

Cationites were found to have some affinity for removing impurities in the form of
sulphur compounds from glycerine (Figure 5). This is most likely related to the affinity of
structures containing C-S(II) bonds to the polymer matrix in the tested cationites. In most
cases, a reduction in sulphur content to less than 2 mg/kg was achieved. Only in one of
the tests was the reduction in sulphur content negligible. The potential of implementing a
glycerine purification process using cationites to reduce impurities in the form of sulphur
compounds is apparent.
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20 = Sulphur content in the raw material = Sulphur content in the product
3.5
3.0
2.5
25 24
S0
E
15
1.0
05
0.0
Test_1 Test_2 Test_3 Test_4 Test_5 Test_6 Test_7 Test_8
Figure 5. Sulphur content in the raw materials and products.
= Water content in the raw material = Water content in the product
30,000
26,000
25,000
20,000
g 15000 15,000
[T} ’
£
11,000 11,000
10,000
6,200
5,000
3,00

Test_2 Test_3 Test_4 Test_5 Test_6 Test_7
Figure 6. Water content in the raw materials and products.

In an additional assessment of water content, a significant increase was observed in
the samples obtained from the performed tests (Figure 6). There was a noticeable increase
in the water content of product samples to around 0.5-1.5% and even 2.6%, which is up
to several times higher than the water content of the raw material. This suggests using
steam stripping after sorption on cationite in distilled glycerine purification technology.
The steam stripping process is a standard process used in industrial glycerine technologies.

Test No. 9, utilising Mix_7 distilled glycerine and Kat_3 cationite, did not yield a
sample for further testing as the column was blocked during the process. The test was
repeated with the same result. It was determined that cationite in the form of a porous
material (Kat_3) is not dedicated to the purification process of glycerines, in contrast to
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cationites in the form of gel grains (Kat_1 and Kat_2). After removal of cationite from
the purification column swelling of the material was observed, which was the reason for
blocking of the flow during tests.

4. Conclusions
As a result of the conducted tests, it was concluded that:

e  Glycerines as a by-product of biodiesel production, obtained from vegetable raw
materials, do not contain significant amounts of impurities in the form of sulphur,
chlorine, and nitrogen compounds.

e  (Glycerines obtained from mixed raw materials (vegetable oils, UCOs and animal fats)
do not contain significant amounts of impurities in the form of chlorine compounds.
Still, they are contaminated with sulphur and nitrogen compounds. Glycerine obtained
from UCOs has high levels of impurities in the form of nitrogen compounds.

e  The use of ion exchange resins at the preliminary purification stage (before distillation)
is ineffective because the MONG-type impurities present in the glycerine are released
as a separate phase which block the flow of glycerine through the ionite bed.

e  Using anionites to purify distilled glycerine of waste origin is not recommended due
to the introduction of impurities such as chlorine and nitrogen compounds during
the process.

e  The use of cationites in the purification process of distilled glycerine of waste origin is
promising due to the reduction in the sulphur content and the significant elimination of
impurities in the form of nitrogen compounds. The disadvantage is that the cationites
cause an increase in the water content of the glycerine samples. Following the sorption
on the cationite, it is advisable to carry out the standard steam stripping process.
Research is required to verify the performance of this process in laboratory conditions.

e  The use of cationites which are a highly porous material is not recommended for the
purification process of glycerines, in contrast to cationites in the form of gel grains.

Based on the analysis of the presented results, contamination of glycerines produced
during biodiesel production from wastes with nitrogen and sulphur compounds is vis-
ible. The applied purification technique with the use of cation exchange resin reduced
the amount of impurities to an acceptable level. The implementation of this process in
standard industrial technologies has great potential to obtain high-quality raw material for
further conversion processes into bio-based products. This is a significant step towards the
development of modern biorefineries based on advanced biodiesel production processes
(second-generation biodiesel from waste defined in Annex IX of the RED II Directive).

It is necessary to prepare a plan of further research in order to select an appropriate
process for removing excess water from glycerine after the sorption on cationite. The
development of a new technology consisting of the stage of removing sulphur and nitrogen
impurities, and excess water from the previous step, will contribute to the development of
the bio-based chemical market and the related biodiesel market.

5. Patents

Patent Application
Title: Glycerin purification method and glycerin purified by the method
Application number: EP EP4122907A1
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