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Abstract: This article presents the results of the conversion of dihydroxyacetone (DHA) to lactic acid
(LA) with the use of zeolite catalysts. For this purpose, synthetic zeolite beta (BEA) and natural
clinoptilolite (CLI) were used as a matrix. The zeolites were modified with various metals (Sn, Fe, Cu
and Zn) during ion exchange under hydrothermal conditions. The DHA conversion process with
the participation of metal-functionalized zeolites allowed us to obtain intermediates, i.e., pyruvic
aldehyde (PAL), which during the further reaction was transformed into a mixture of products such
as ethyl lactate (EL), pyruvic aldehyde (PA), lactic acid and ethyl acetate (EA). The best selectivity
towards lactic acid was achieved using Sn-CLI (100%) > Na-BEA (98.7%) > Sn-BEA (95.9%) > Cu-BEA
(92.9%), ethyl lactate using Cu-CLI, and pyruvic aldehyde using the Zn-BEA catalyst. In the case of a
natural zeolite, modification with Sn is promising for obtaining a pure lactic acid with a relatively
good carbon balance.

Keywords: lactic acid; dihydroxyacetone; zeolite catalysts; clinoptilolite; pyruvic acid; ethyl lactate

1. Introduction

Renewable energy sources are slowly becoming a raw material for the production of
fuels, energy and chemicals. This is related to their increasing demand and the awareness
of the negative environmental impact of fossil fuel processing. To this end, intensive work
is being carried out on the acquisition of alternative energy sources that contribute to
a lesser extent to drastic climate change. A very important aspect of the production of
chemicals or biofuels is the use of raw materials that will not constitute a food source [1].
One of the interesting applications as a raw material for the production of biochemicals
and biofuels is biomass, which is waste from all industries [2]. Biomass obtained from
processing in the agricultural industry—e.g., straw and grass—is a promising source of
renewable energy carriers [3]. However, the use of the raw material as biomass requires
appropriate chemical or physical treatment, due to its structure—the fraction from which
it is made (cellulose, hemicellulose, lignin fractions). The most energetic and potentially
applicable energy carrier is the cellulose fraction. For this purpose, attempts have been
made to isolate it (to separate it from the other fractions surrounding it) and use it as
transport fuel (biofuels) and chemicals [4-6].

Another advantage of using biomass is its price and the low costs of obtaining valuable
chemical compounds from it, mainly glucose particles from the cellulose fraction. Glucose
is the starting point of the chemical pathway for sourcing a wide variety of products. One
of the methods of obtaining dihydroxyacetone (DHA) and glyceraldehyde (GLA) is the
conversion of fructose as a result of a retro-aldol reaction. In turn, fructose is formed
during glucose isomerization, which comes from the separated cellulose fraction from the
biomass [7]. Figure 1 shows the chemical conversion of biomass to DHA, glycerol and
pyruvaldehyde, and their further transformations.
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Figure 1. Scheme of the reaction pathways of biomass into DHA, glycerol, and pyruvaldehyde and its further derivatives.

The conversion of DHA obtained from biomass to LA and other compounds is of
particular interest. The isomerization of DHA in an aqueous medium enables the pro-
duction of lactic acid and its derivatives. The reaction proceeds to form methylglyoxal
by the dehydration of the triose. This is followed by an intra-molecular Cannizzaro-type
rearrangement reaction with hydrogen transfer (Figure 2) [8].

glyceraldehyde methylglyoxal ®
Cannizzaro
?\i&« z reaction -
f dehydration

lactic acid

Figure 2. Scheme of reaction pathways of DHA and glyceraldehyde into methylglyoxal and lactic acid.

Lactic acid (LA), ethyl lactate (EL) and pyruvic acid (PAC) are valuable compounds,
formed during the conversion of biomass to intermediates and their further reactions [6,9]
Lactic acid is mainly a raw material for the production of biodegradable polylactide (PLA).
In turn, pyruvic acid is used as a food additive, a precursor to drugs, and agrochemicals and
cosmetics [10-12]. Because of the many promising applications of LA, EL and PAC, their
commercial markets are considerably large. LA and PA are produced by the fermentation
of glucose or the dehydrative decarboxylation of tartaric acid [13]. However, these methods
are problematic due to the product-separation efficiencies, whereas the pyrolysis of tartaric
acid or the transformation of propene consume a large amount of KHSO,4/H,50, and
energy [14]. Thus, developing renewable alternative pathways to produce LA and PAC
under mild conditions is highly appealing.

Zeolites are a class of crystalline aluminosilicates, and are used as successful catalysts
in many applications [8]. Many types of zeolites (BEA, FER, CLI and MOR) with a variety
of pore sizes are found in nature, such as clinoptylolite (CLI), or are synthetized with
a different framework, such as beta (BEA), ferrierite (FER) or mordenite (MOR). The
zeolites are characterized by a variety of microporous structures featuring specific sizes,
shapes, and connectivity, as well as the possibility of tuning the acid /base properties. The
detailed structures and properties were presented previously [8]. Zeolites are effective three-
dimensional supports for active nanoparticles, e.g., transition metals. Zeolites catalyze
many types of hydrocarbon reactions, and therefore they are ideal candidates for the
production of chemicals from biomass. Effective zeolite-based catalysts integrate three
main functions and length scales: active sites located in micropores, access and transport
provided by the introduced mesopores, and the macroscopic shape of the catalyst body. In
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the literature, different types of zeolites with a variety of pore sizes and with addition of
gallium particles were used to obtain C1-C4 lactates from DHA [15]. The best results were
obtained with Ga-FAU, which resulted in the formation of n-propyl, n-butyl lactate and
ethyl lactate. Another possibility is the conversion of dihydroksyacetone to ethyl lactate on
a Ga-USY catalyst [16] as well as on Sn-Beta, Zr-Beta, Ti-Beta, Al-Beta and Si-Beta [17].

Porous zeolites with densely embedded Lewis acid centers (tri-coordinated lattice
aluminum ions AI**) are particularly effective in the isomerization reaction, which is the
subject of this work [18]. Zeolites can be subjected to numerous modifications. One of
them is the so-called ion exchange (isomorphic substitution). The replacement of Si**
with AI** induces the formation of a negative charge, which is canceled by introducing
positively charged cations such as Na*, K*, H", NH,*, Ca?*,Sr?* and Mg2+ [5,19]. Modified
zeolites with metal cations can also be obtained with so-called “grafting”, where metals are
introduced into the pores or onto the surface of zeolites in the form of monomers, polymers
or nanoparticles [5].

Our intention to tackle the subject of the transformation of DHA into PAC over
natural zeolites was motivated by the literature, which reported LA and PAC production—
including oxidations of propylene glycol or lactic acid—over other catalysts [20-22]. An-
other option is a fermentation method, although this method is difficult to scale-up to a
large production unit [23]. Recently, the chemical way to produce PAC from LA [14,24,25]
and LA from glycerol [26-29] in a one-step strategy has been also reported. In the case of
liquid-phase LA oxidation into PAC, bimetallic catalysts have been suggested [21,24,30].
However, these catalysts contain metals (Pt, Pd, Pb, Te, or Bi) supported on carbon, which
is problematic due to the high price of such metals. Therefore, according to such literature
findings, we decided to use commercial BEA zeolite and natural clinoptilolite CLI modified
with other metals (Fe, Cu, Sn and Zn) for PAC and LA production from DHA in a liquid
phase. Especially promising are synthetic BEA zeolite and natural clinoptylolite CLI due to
economic (much lower price concerning Pt and Pd metals price) and ecological reasons
(the possibility of its easy reutilization after the process).

2. Results
2.1. Structural Properties of Zeolite Catalysts

Figure 3, below, shows the diffractograms confirming the presence of a specific phase
of the BEA zeolite and clinoptilolite. The analyzed materials showed no presence of other
crystalline phases. The starting zeolites underwent a number of modifications, and all of the
obtained XRD results confirm the presence of the crystal structure in an unchanged form.

The XRD measurements were performed for control samples: Na-BEA (Figure 3a) and
CLI (Figure 3b). Measurements were also carried out for BEA and CLI zeolites modified
with various metals (Sn, Fe, Cu, Zn).
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Figure 3. Diffractograms of control samples: (a) BEA, (b) CLI, and modified from metals (Sn, Fe, Cu, Zn).

2.2. Porous Structure of Zeolite Catalysts

Figures 4 and 5 show the nitrogen adsorption and desorption isotherms for selected
samples. The isotherms of the selected zeolite catalysts show a similar character, and can
be classified as type I (according to IUPAC). These materials show a microporous structure.
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Figure 4. Nitrogen adsorption and desorption isotherms for synthetic BEA zeolites.
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Figure 5. Nitrogen adsorption and desorption isotherms for natural clinoptilolite zeolites.

Table 1 shows the results of the surface area measurements and the pore size of the
zeolite catalysts. The reference materials are Na-BEA and CLI. Changes in the specific
surfaces of the modified zeolites based on BEA and clinoptilolite with various metals can
be noticed. The surface areas of the ion-exchanged samples in solutions of the appropriate
metal salt are larger than those of the starting material. The change in the BET surface
of the zeolite catalysts may indicate that no structure degradation occurred during the
modification and calcination of these materials. In contrast, a slight change in the size of
the micropores may result from the presence of metal oxides, which may block access to
the pores present in functionalized zeolites.

Table 1. Specific surface area and pore size of the zeolite catalysts. Vp, 1ot is the total pore volume;
Vp micro i8 the micropore volume determined using the Saito-Foley (SF) model and calculated using
the t-plot method.

Sample SpeT [M?/g] Vi total [cm®/g] Vi micro [cm®/g]
H-BEA 515 0.51 0.16
Na-BEA 447 0.60 0.14
Sn-BEA 341 0.54 0.01
Fe-BEA 451 0.58 0.14
Cu-BEA 422 0.54 0.14
Zn-BEA 525 0.54 0.17
CLI 29 0.06 0.006
Sn-CLI 165 0.15 0.025
Fe-CLI 58 0.11 0.007
Cu-CLI 44 0.08 0.01
Zn-CLI 33 0.08 0.01

2.3. Metal Distribution in Zeolite Catalysts

The zeolite catalysts were obtained by introducing various metals (Fe, Sn, Cu, Zn) on
their matrix (BEA, CLI) by ion exchange under hydrothermal conditions. Surface tests of
the selected samples as well, as the elemental composition before modification and after
ion exchange, were obtained by means of a scanning electron microscope with an EDS
detector. The BEA (Figure 6) and CLI (Figure 7) zeolite catalysts with the incorporated
metals Sn, Fe, Zn and Cu were analyzed. In order to compare the changes in morphology,
images of the reference samples—Na-BEA and CLI—were taken.
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Local measurements of the elemental composition were performed on the surfaces
of the analyzed zeolite CLI catalysts. The presence of the elements Sn, Fe, Zn and Cu
may indicate that they were incorporated during the modification of the zeolite by the ion
exchange method. The presence of iron in the reference sample as one of the building blocks
of this type of zeolite and the lack of catalysts formed may result from the modification
process and partial substitution of this metal by the metals Sn, Zn and Cu. In the case of
Fe-CLlI, the amount of iron in the analyzed sample definitely increases. The presence of
magnesium may be the result of sample contamination.

The Diffuse Reflectance Ultraviolet-visible Spectroscopy (DR UV-VIS) measurements
were performed in the wavelength range of 200-800 nm to determine the possible metal
coordinates in the structure of BEA and CLI zeolites. Figure 8 shows the UV-VIS spectra
for the samples obtained by ion exchange under hydrothermal conditions.
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Figure 8. DR UV-VIS spectra for BEA (left column) and CLI (right column): (a) Sn, (b) Fe, (c) Cu and (d) Zn.



Catalysts 2021, 11, 1006 9of 18

The Attenuated Total Reflectance-Fourier Transform Infrared (ATR FTIR) spectra
were used to characterized selected zeolite catalysts obtained by ion exchange under
hydrothermal conditions, and they are presented in Figure 9.

0.7

- 06
Sn-BEA 10|54 g_ 06 Sn-CLI 432-;, 05
3 ) £l
2 -0 0.4
= P
3 - 04
g 2 0.3
E -0 2
2 “ 02
= 3373 - 02
I 1?29 01
! ! 01
— ] — ' h 0
4000 3600 3200 2800 2400 2000 1600 1200 800 400 0 4000 3600 3200 2800 2400 2000 1600 1200 800 400
b) Wavenumber [cm™] Wavenumber [em™]
. 08 -
1058 1 r 06
Fe-BEA 07 Fe-CLI L
0.5
0.6 ]
3 ]
8 05 2 04
o v
g 04 g 0.3
& £
=
5 03 8 02
g
= 02 2
3381 ! 0.1
3394 2048 0.1 | H '
| | i
4000 3600 3200 2800 2400 2000 1600 1200 800 400 4000 3600 3200 2800 2400 2000 1600 1200 800 400
C) Wavenumber [em™1] Wavenumber [em™1]
- 08 07
Cu-BEA 07 Cu-CLI
0.6
- - 06 =~
3 -1 05
= Fo05 =
3 | ] 0.4
g 1 04 §
£ | £ 03
g 1 03 E
] vy 0.2
< 3308 | 2" 3354 2 50 £
| ol i A o
— —~- 0 - +— e I ] 0
4000 3600 3200 2800 2400 2000 1600 1200 800 400 4000 3600 3200 2800 2400 2000 1600 1200 800 400
d) Wavenumber [em1] Wavenumber [em™]
- 08 . 07
Zn-BEA 0.7 Zn-CLI ; 0.6
';: 0.6 ; " ; 0.5
S 05 = ‘Q'. r 04
g g 1009 T
§ 04 & - 03
£ £ -
&% 0.3 E 2 | 02
< © 8
3382 02 < 3387 82 166 ; o1
! 0.1 ; o i A
i 0 L R B ! 0
4000 3600 3200 2800 2400 2000 1600 1200 800 400 4000 36000 3200 2800 2400 2000 1600 1200 800 400
Wavenumber [em™] Wavenumber [em™]

Figure 9. ATR FTIR spectra for BEA (left column) and CLI (right column): (a) Sn, (b) Fe, (c¢) Cu and (d) Zn.

Table 2 summarizes the properties of the samples according to their metal state using
UV-VIS, ATR-FTIR and X-ray powder diffraction (XRD). Cu-CLI is clearly destroyed due
to the disappearance of the main diffraction peaks of CLI, and some peaks at about 26°
and 28° of the XRD are irregularly enhanced (see also Figure 3).
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Table 2. Properties of the samples and the metal states deduced.

Catalyst XRD M State UV-VIS M State ATR-FTIR M State
Sn-CLI 20 =26.7° SnO; 270 nm Octahedral tin species

Isolated form of Fe3*;

Fe-CLI 20 = 33-35° Fe,O3 300 nm; FeOy Oligomers or 790-947 cm-1  O1-O-T skeleton
500 nm . (T =Si, Al, Fe)
Fe,O3 nanoparticles
20 = 35-36°; Cu*;
Cu-CLI 20 =39-41°; Cu2*; 275 nm Cu? 42620'0497 and CuO
26 = 49-50° CuO cm
Zn-CLI 250-280 nm Isolated ZnO 475-798 cm ! ZnO
Sn-BEA 26 Zﬁzé‘é 43 nd SnO, 225 nm Sn(IV) tetrahedron 947-948 cm ™1 Form of Sn**
20 = 33.2° or Isolated form of Fe3*; .
Fe-BEA 35.5° F§i83 ggg o FeO, Oligomersor  790-947 cm~! S(;O_'gisﬁle;‘e’;‘
20 =37° Fe, O3 nanoparticles T
948-950 cm~!;  Si-O-T skeleton
Cu-BEA 20 =36°, 50° CuO 275 nm Cu?* 422,497 and (T =Si, Al, Cu);
600 cm ! CuO
1550 cm ! and
Zn-BEA 20 = 36-38 ZnO 250-280 nm Isolated ZnO 1726 cm™L; Zn0O;
475-798 cm !

2.4. Catalytic Tests

The catalytic tests were carried out in an autoclave with a Teflon filling. In total, 0.3 g
catalyst and 20 mL 0.125 M DHA solution in ethanol were introduced. The reaction was
performed at 120 °C for 3 h and 5 h. The obtained products were recovered by centrifuging
the suspension and analyzed by gas chromatography (GC). The procedure was performed
for a series of the zeolite catalysts as well as the products, and is collected in Table 3. The
carbon balance was determined by the weight difference of the reaction mixture before and
after the process, including the carbon deposits in the catalyst.

Table 3. The results of the GC analysis and carbon balance for the catalytic conversion of DHA in the liquid phase:
(a) after three hours of the process, and (b) after five hours of process. LA—lactic acid, EL—ethyl lactate, EA—ethyl acetate,
AC—acetic acid, PAC—pyruvic aldehyde, PAL—pyruvaldehyde. The others are mixtures of LA, EL and unreacted DHA.

Catalyst P C[(z/?]verSion "lI")iL(iZe[s}f] LA EL EASQIQZICVlty i’j/:]C Others LA +EL Yield [%] PAC Yield [%]
CLI 93.2 3 170 5.6 5.8 49 - 66.7 21.1 -
Sn-CLI 97.7 3 66 207 185 15 2.1 50.7 26.7 2.1
Fe-CLI 97.3 3 13.8 44 308 21 10.7 38.2 17.7 10.4
Cu-CLI 95.0 3 171 79 5.0 5.1 3.9 60.9 23.8 3.7
Zn-CLI 97.0 3 99 162 37 25 395 28.2 253 38.3
Na-BEA 99.8 3 02 496 42 - 37.7 8.3 49.7 37.6
Sn-BEA 99.7 3 14 273 07 - 60.6 10.1 28.6 60.4
Fe-BEA 99.2 3 76 151 116 06 335 31.6 22.5 33.2
Cu-BEA 99.1 3 1.5 367 28 - 34.1 249 37.9 33.8
Zn-BEA 99.4 3 1.3 326 25 03 391 241 33.7 38.9
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Table 3. Cont.
Catalyst DHA C[oo/onlversion Time [h] — ESzlectlwtérA[ %] . LA[:Zi]eld EL Yield [%] Carbo;h/oB]alance
CLI 100 5 40.1 599 - - 40.1 59.9 99.0
Sn-CLI 100 5 100 - - - 100 - 97.1
Fe-CLI 100 5 - - 100 - - - 95.0
Cu-CLI 100 5 - 83.5 16.5 - - 83.5 97.9
Zn-CLI 100 5 476 524 - - 47.6 52.4 95.5
Na-BEA 100 5 98.7 - 1.3 - 98.7 - 93.5
Sn-BEA 100 5 95.9 - 41 - 95.9 - 95.2
Fe-BEA 99.9 5 302 76 53.0 - 27.5 6.9 95.2
Cu-BEA 100 5 92.9 - 7.1 - 92.9 - 95.3
Zn-BEA 100 5 51.9 - 0.6 47.5 51.9 - 95.3

3. Discussion
3.1. Structure of Metal-Modified Zeolite Catalysts

The analysis was aimed at the confirmation of the characteristic crystal structure
derived from the BEA and CLI zeolites. No degradation of the metal-modified zeo-
lite structures was observed (Figure 3). The description of the results based on the
obtained diffractograms from the analyzed materials is presented below. The samples
prepared by ion exchange show a crystal structure. During the modification, the Na*
ions are exchanged for NH,*. Further heat treatment transforms the form =Si-O-NHy to
=Si—O-H. The condensation or dehydration of silanol groups may cause the formation
of the =5i-O-5Si= bond, which helps to maintain the microporous crystal structure of all
of the metal-exchanged BEA [31]. As reported in the literature, SnO, diffraction peaks at
20 =26.7° and 260 = 34° can be observed [32]. For the CLI samples, a decrease in dsp, (A)
for Sn-CLI (3.2013 A) compared to CLI (3.3508 A) may indicate the incorporation of metal
into the off-grid position.

The diffraction peaks characteristic for Fe,O3 are observed at 26 = 33.2° or 35.5° [33].
In the case of the analyzed samples on the BEA matrix, regardless of the modification,
the presence of iron(Ill) oxide can be observed in their structure. For samples on the CLI
matrix, Fe,O3 can be observed at 20 = 33-35° [34].

As shown in the literature, the diffraction peaks at 20 = 35-36° can be assigned to
Cu* ions and Cu?*, as well as CuO at 20 = 39-41°, 49-50° [35,36]. In the case of copper
(CuO) present in zeolite, CLI can be observed at 28 at 36°, 39°, 49-50° [37]. Based on the
diffractogram we can observe CuO at 26 = 36°, 50° for all of the samples on the CLI matrix.

In the diffraction pattern according to the literature, ZnO for 20 can be observed
at 36-38° [38,39]. In the above diffractograms showing zeolite catalysts based on BEA,
no peaks derived from Zn can be observed. On the other hand, an increase in the d3g
(A) spacing of the Zn-BEA samples in comparison with the control samples indicates the
presence of zinc in the lattice position of the zeolite.

3.2. Characteristics of Active Sites in Metal-Modified Zeolite Catalysts

In the case of the Sn-BEA sample (Figure 8a, left), two bands are visible at 225 nm
and 270 nm, whereas for Sn-CLI (Figure 8a, right) one band was observed at 270 nm. The
spectrum produced at 225 nm is assigned to a coordinated Sn(IV) tetrahedron incorporated
into the zeolite structure. The spectrum at 270 nm is usually attributed to the octahedral tin
species present in zeolite, which were observed in all of the analyzed samples [31,40].
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The bands at 300 and 500 nm were observed in the DR UV-VIS spectra (Figure 8b). The
band at 300 nm can be attributed to the isolated form of Fe**. The presence of an additional
band at around 500 nm corresponds to FeOy oligomers or Fe,O3; nanoparticles [41].

In the analyzed Cu-BEA sample (Figure 8c, left), two bands were observed at 212 nm
and 275 nm. The 275 nm band is present in the Cu-CLI material (Figure 8c, right). The band
at the lower wavelength (212 nm) is derived from the zeolite structure and is not related to
copper. On the other hand, the band at 275 nm is present in all of the samples and indicates
the presence of Cu?*, which interacts with the lattice oxygen present in the zeolites [42].

The observed bands in the range of 250-280 nm suggest the presence of an isolated
Zn0O, located in cavities and in the zeolite channels [43].

The ATR FTIR infrared spectroscopy method was performed in order to confirm
the presence of metal complexes in the lattice positions of BEA zeolites and clinoptilolite
(Figure 9). The presence of a band at 3372-3381 cm ! is characteristic of the Si-OH group.
Based on the literature, the band at 960 cm ! is characteristic of the BEA zeolite, as are the
Si-O stretching bonds which belong to SiO, tetrahedra. The visible bands at 947-948 cm !
indicate the presence of a metal in the BEA lattice structure in the form of Sn**. In Sn-CLI,
the tin is located in off-grid positions—there is no band at 940-960 cm ! [44,45].

The band at 3381-3394 cm ! comes from the Si-OH group, or from the Si-O (H) —Al
bridges [46]. The spectral area between 600 and 1200 cm ™! is difficult to interpret due to the
presence of vibrations from the Si-O and Al-O structures present in the zeolite. However, a
band at 790-947 cm ! can be observed, which can be attributed to the disturbed vibration
of the Si—O-T skeleton (T = Si, Al) as a result of the presence of iron [47-50].

The bands at 3384-3398 cm ™! can come from the Si—-OH group or the Si-O (H) —Al
bridge junction [46]. According to the literature, the frequencies belonging to CuO were
recorded at 422, 497 and 600 cm~! [51].

In the case of the analyzed samples, the presence of the spectra can be attributed to
the presence of CuO in all of the tested catalysts. The copper in the zeolite structure is also
confirmed by DR UV-VIS.

According to the available literature, a wide band between 3500-3000 cm ! is assigned
to the S5i-O (H) —Al bridge bond. The lower intensity of the band indicates the presence of
Zn?* or ZnO during the ion exchange [52]. In the tested samples, this band is present at
3382-3415 cm !, which proves the presence of a bridge bond with the zinc present. The
strongest adsorption peak of 1074 cm~! relates to the stretching vibration band belonging
to the Si (Al)-O zeolite backbone. The presence of this band after calcination above 400 °C
indicates the high thermostability of the zeolite skeleton. On the other hand, the wide band
at 965-1140 cm ! is attributed to the Si (Al)-O stretching vibrations, which shift during
ion exchange without changes in the zeolite structure. ZnO is associated with the zeolite
frame, and can be observed at 475-798 cm~!. The vibrations at the peaks of 1550 cm ! and
1726 cm~! indicate the presence of ZnO on the material surface [52]. During the analysis
of the obtained peaks of the tested samples, a slight shift of the band peaks in comparison
with literature data proves the incorporation of ZnO into the zeolite skeleton and the
presence of Zn-BEA on the surface.

3.3. Catalytic Conversion of DHA in the Liquid Phase over Metal-Modified Seolite Catalysts

The goal of the studies was to design zeolite catalysts for the production of lactic
acid from DHA (Table 3). The conversion of DHA after three hours of process varies
between 93.2 and 99.8% depending on a zeolite catalyst used: in the case of clinoptilolite,
the maximum conversion equals 97.7%, whereas with synthetic BEA for all of the samples,
the DHA conversion is above 99%. The conversion of DHA after five hours of the process
is, in all cases, almost complete. During a three-hour autoclave process a number of other
important products or intermediates were obtained, such as ethyl lactate, acetic acid, ethyl
acetate, pyruvic acid and lactic acid. After a prolonged, five-hour autoclave process, the
number of other important products or intermediates are limited into ethyl lactate, ethyl
acetate, pyruvaldehyde and lactic acid.
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The selectivity to pyruvaldehyde is observed only in case of Zn-BEA zeolite. It seems
that the surface development and the presence of micropores do not have a significant
effect on the formation of pyruvaldehyde. More relevant is the nature and structure of the
metallic centers, which are present in the form of small dimers with presence of oxygen.
Taking into account the comparison of the structure of the active components, it is visible
that oxidized small metal species, such as ZnO, favor the production of pyruvaldehyde.

The most selective zeolite catalysts for lactic acid are samples based on natural clinop-
tilolite obtained as a result of hydrothermal ion exchange—Sn-CLI (100%) and Zn-CLI
(47.6%). In the case of synthetic zeolites based on BEA, the selectivity to LA is in the range
of 92.9-98.7% and changes in the following order: Na-BEA (98.7%) > Sn-BEA (95.9%) >
Cu-BEA (92.9%).

The catalytic conversion process of DHA leads to the production of valuable products,
such as ethyl lactate, with a conversion of 83.5% (Cu-CLI), 59.9% (CLI) or 52.4% (Zn-BEA).

Comparing the structure of the active components in the case of LA production, the
most important are Brensted sites such as Na, as well as zeolites with high, well developed
surfaces like BEA and Sn-CLL

The main processes which occur in the case of both BEA and CLI catalysts are de-
scribed in Figure 10. In the cases of BEA catalysts doped with metals, the dehydration
of DHA into pyruvaldehyde and its further oxidation into pyruvic acid take place. How-
ever, our results after five hours of the process show that most of the pyruvaldehyde was
transformed into lactate form. The other important path is a reaction of pyruvaldehyde
with ethanol at the Lewis centers, which succeed with ethyl lactate formation and further
lactic acid production. Lactic acid is partially transformed into acetic acid via decarbonyla-
tion/decarboxylation and oxidation reactions. The next step is the interaction of acetic acid
with ethanol, with ethyl acetate formation. This path with the formation of ethyl acetate is
observed especially for the Fe-CLI catalyst.

DHA - dihydroxyacetone
PAL - pyruvaldehyde
PAC - pyruvic acid

EL - ethyl lactate

LA - lactic acid

AC — acetic acid

EA — ethyl acetate

1. Decarboxylation
2. Oxidation

Figure 10. Scheme of the reaction pathways of DHA observed experimentally.

The metal-modified BEA and CLI zeolites are promising zeolite catalysts for the
production of lactic acid or a lactic acid and ethyl lactate mixture from dihydroxyacetone.
The most promising catalyst for the production of lactic acid is clinoptylolite modified with
Sn. The Zn-CLI exhibits good performance for the production of the LA + EL mixture.
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4. Materials and Methods

In this work, zeolite catalysts based on synthetic BEA (Clariant, Clariant, Muttenz,
Switzerland) and natural clinoptilolite (CLI, Kucin Quarry, Slovakia, VSK PRO-ZEO s.r.0,
fraction 0-2 mm) with the physicochemical properties presented in Tables 4 and 5 were used.
The SnCly-5H;0, Fe(NO3)3-9H,0, Cu(NO3);-3H,0 and Zn(NO3),-6H,O were purchased
from Sigma Aldrich (Saint Louis, MO, USA), and were used without further purification.

Table 4. Physicochemical properties of the commercial zeolite BEA (Clariant).

Parameters Unit
Crystal structure IUPAC BEA
BET area m?/g 544
Na ppm 40

C ppm 30
Silicon module - 247

Table 5. Physicochemical properties of the commercial zeolite CLI (Kucin Quarry).

Parameters Unit
Crystal structure TUPAC CLI
BET area m?2/ g 25
Al [%] 5-14
Si [%] 23-32
K [%] 2-14
Ca [%] 1-2.5
Fe [%] 0.01-1.5
(0] [%] 40-50

The modification of zeolites with metal cations (Sn, Fe, Cu. Zn) under hydrothermal
conditions was performed using the ion exchange method, as presented in a scheme in
Figure 11. The ion exchange was performed in a homemade batch reactor system using
a magnetic stirrer with a thermostat. The ion exchange in NH4NO3 and the drying were
performed on Na-BEA zeolite to obtain H-BEA form. In total, 2.5 g of dried zeolite, H-BEA
and CLI zeolite were introduced into a 250 mL polypropylene beaker, followed by topping-
up with a 0.01 M solution of the appropriate metal salt (1 g zeolite per 100 cm? solution).
The process was carried out at 80 °C over 24 h. The suspension was then centrifuged,
washed and dried at 100 °C for 1 h. The dried samples were then calcined for 4 h at 550 °C
to remove any impurities.

lon exchange . lon exchange
0.5 M NH,NO, Drying 0.01M,
65 °C, 6h 100 °C, 1h 80 °C, 24h

xMe-BEA

Calcination
1. lon exchange 550 °C, 4h
0.01M, 80 °C, 24h

2. Drying, 100 °C, 1h

Me-BEA or
Calcination Me-CLI

550 °C, 4h

xMe-CLI

Figure 11. Scheme for obtaining zeolite catalysts based on BEA and CLI; Me (metals: Sn, Fe, Cu, Zn), and xMe (salt solution
concentration—0.01 M).
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The low-temperature nitrogen sorption (—196 °C) was measured on a Micromeritics
ASAP 2020 analyzer (Micromeritics Instrument Corporation, Norcross, GA, USA). The
specific surface area was determined using the Brunauer-Emmett-Teller method in the
pressure range p/p0 = 0.05-0.15. On the other hand, the pore size was determined using
the Barrett—Joyner-Halenda method on the basis of the volume of adsorbed nitrogen,
p/p0=0.98.

The X-ray powder diffraction (XRD) for the zeolite catalysts was performed using
a PANalytical X'Pert PRO MPD diffractometer (Philips Research, AE Eindhoven, The
Netherlands) equipped with a CuK« radiation source, at a voltage of 40 kV and an intensity
of 30 mA. The scanning was performed in a continuous mode in the range of 20 from
510 90°.

The photographs of the samples were taken with the aid of a scanning electron micro-
scope (SEM) with EDS (Energy Dispersive X-ray Spectroscopy) detector, HITACHI®TM3000
(Hitachi High-Tech, Schaumburg, IL, USA) with a beam voltage of 5.15 keV, magnification
of up to 30,000 times, and a resolution of approximately 30 nm.

The Diffuse Reflectance Ultraviolet—visible Spectroscopy analysis (DR UV-VIS) was
performed at room temperature in an air atmosphere. An Avantes StarLine AvaSpec-2048
spectrometer (Avantes, 7333 NS Apeldoorn, The Netherlands) equipped with a suction cup
to record the spectrum for powder materials was used. BaSO4 was used as the reference.

The analysis of the zeolite catalysts by the Attenuated Total Reflectance-Fourier Trans-
form Infrared Spectroscopy (ATR FTIR) method was performed on a Thermo Scientific
Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped
with the iD7 ATR accessory. The spectra were recorded in the range 4000400 cm !

The above methods were used to check the metal distribution and chemical state in
the investigated zeolites.

The reaction of the dihydroxyacetone was carried out in a liquid phase using a one-pot
reactor. The catalytic tests were carried out in an autoclave with a Teflon filling. In total,
0.3 g catalyst and 20 mL 0.125 M solution of DHA in ethyl alcohol were introduced. The
reaction was carried out at 120 °C for 3 and 5 h. The resulting products were recovered
by the centrifugation of the suspension and analyzed using an Agilent 6890 N gas chro-
matograph (GC, Agilent, Santa Clara, CA, USA) with a BP21 FFAP capillary column (60 m,
diameter 0.25 mm) and a flame ionization detector (FID, Agilent, Santa Clara, CA, USA).

5. Conclusions

In summary, the one-step production of lactic acid (LA) and ethyl lactate (EL) from
biomass-derived dihydroxyacetone (DHA) was investigated. Both types of zeolite, clinop-
tilolite and BEA, modified with metals (Cu, Fe, Zn and Sn), are interesting materials for the
DHA conversion. The unmodified BEA zeolite and the Sn-modified CLI and BEA zeolites
are the most promising zeolite catalysts for the production of LA from DHA. In the case of
ethyl lactate, pure CLI and those modified with Cu and Zn are the most efficient.

The Zn-BEA catalyst is favorable for dihydroxyacetone’s transformation to pyruvalde-
hyde, with a selectivity slightly below 60%.

The essential in of the transformation of DHA into lactic acid is the time of the process.
In the case of too short a time, the conversion of DHA is incomplete and the mixture
of products is not acceptable for an industrial scale. However, the prolongation of the
processing time succeeded in the improvement of the pure lactic acid production.
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