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ARTICLE INFO ABSTRACT
Keywords: Core-shell composite catalysts composing of AgO@SnO2/ZSM-5 embedded by NixMg4.xAlO LDOs
Glycerol with various Ni/Mg ratios were characterized and tested for the activity on the conversion of

Bio-based chemicals glycerol to valuable chemicals under a base-free and external Ha-free condition. As a result, the

sazc_tl;r;m;ie diol catalytic performance of an embedded composite was found greater than that of its individual
S,ustaingbility constituents, owing to the synergy between a NiyMg4.xAlO lodge and embedded AgO@SnO,/

ZSM-5. The highest yield of 1,2-propanediol and lactic acid was achieved at the Ni/Mg ratio of
0.2/3.8. NixMg4.<AlO lodges were found to simultaneously drive glycerol dehydration to acetol
and glycerol reforming, driven by Ni sites, forming in-situ Hy that enhances 1,2-propanediol
formation whereas the AgO@SnO2/ZSM-5 clusters governed acetol oxidation and Cannizzaro
reaction that led to the formation of lactic acid. At a high Ni/Mg ratio, the Ni,Mg4xAlO lodges
completely covered AgO@SnO2/ZSM-5 clusters entirely, resulting in the suppression of lactic acid
yield due to over-oxidation.

1. Introduction

The increase in biofuel production by 28 % from 2021 to 2026 [1] would lead to the excessive amount of glycerol and impact the
sustainability of biodiesel industry [2]. Hence, the utilization of glycerol by any mean is needed to overcome this problem. Glycerol is
listed as one of the top twelve building block chemicals, owing to its functionality as a raw material to produce higher valuable
chemicals, such as 1,2-propanediol, lactic acid, acrolein, acrylic acid, and polymers [3]. Lactic acid is a prominent platform chemical,
whose production relies on fermentation process operated commercially with several disadvantages, such as low productivity and an
additional expenses for isolation and purification of the products [4]. Thus, an alternative production route is extensively studied by a
large number of researchers to achieve more highly economical production.

As one of the alternative to achieve more economical and faster lactic acid production, the catalytic conversion of glycerol to lactic
acid can be divided into two groups; that are, selective oxidation and hydrothermal reactions [5]. The selective oxidation is usually
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conducted in the presence of an oxidant, i.e., Oy and in a mild condition at a temperature of 90-100 °C [6], forming other oxygenated
products, such as glyceric acid and pyruvic acid as a by-product [7,8]. On the other hand, the hydrothermal reaction is usually
conducted at a higher temperature at 180-290 °C with the co-production of 1,2-propanediol as a side product during the reaction.
Furthermore, the reaction is usually conducted with the presence of an alkaline such as NaOH [9,10] and Ca(OH); [11], using either
homogeneous catalysts such as Mn-complexes [12] or heterogeneous catalysts, like Pd/hydroxyapatite [10], Cu/hydroxyapatite [13],
CuPdx [9], Pt [14], and Co304/CeO2 catalysts [15] in order to enhance the selectivity and yield of lactic acid, which is one of the
hurdles for commercialization due to the harsh condition and an additional treatment cost as a result of the formation of lactate salts at
the end of the reaction [12]. Thus, a base-free condition is more favored.

Scheme 1 summarizes the reported pathways for the glycerol conversion to lactic acid. The first pathway initially involves with the
dehydration of glycerol via Lewis acid sites to form acetol [16]. Then, the subsequent reactions are divided into two routes; that are, (i)
the first one involves with the hydrogenation of acetol via metal sites [17,18] to 1,2-propanediol that is oxidized to form lactaldehyde
[19], and lactaldehyde is further converted to lactic acid in an oxidizing condition [19], and (ii) the second one involves with the
oxidation of acetol to pyruvaldehyde [16] that subsequently undergoes the Cannizzaro reaction to lactic acid in the presence of a
homogeneous- or an aqueous base [15,21] as well as a Lewis acid site of a catalyst [20,22]. Concurrently, the second pathway involves
with the dehydrogenation of glycerol to glyceraldehyde over a heterogeneous base catalyst [13-15], giving off H, that can be supplied
to the acetol hydrogenation step, followed by the dehydration of glyceraldehyde and then the keto-enol transformation of glyceral-
dehyde to pyruvaldehyde [13-15]. After that, the Cannizzaro reaction takes place under a basic condition to produce lactic acid [15,
21]. Among the three routes, the dehydration-oxidation pathway of glycerol is the most prospect way to produce lactic acid because it
is much shorter, and advantageously can be conducted in a homogeneous base-free condition. Inevitably, 1,2-propanediol can be
concurrently formed via acetol hydrogenation in the first route as well. Namely, after the dehydration of glycerol, acetol formed as the
product can also undergo the hydrogenation reaction on a metal site, which finally produces 1,2-propanediol [17,18]. As a result, the
dehydration-oxidation pathway is possibly one of the prospect alternative and sustainable ways to simultaneously produce lactic acid
and 1,2-propanediol.

According to Scheme 1, one of the important intermediates is acetol that can be formed via the dehydration of glycerol, and acid
and basic sites of catalysts were reported to govern the selectivity of acetol. Among various Mg supports; namely, MgO, MgF(OH), and
MgF», the highest acetol yield was obtained with using MgF5 support, which was found to have the highest Lewis acid sites, suggesting
the formation of acetol was driven by the Lewis acid sites of the catalysts [23-25]. However, to further convert acetol to the 1,2-pro-
panediol, a metal site was required [18,26]. Thus, a catalyst that has acid and metal sites are needed to form both 1,2-propanediol and
then lactic acid. Nowadays, layered double hydroxide (LDH) materials have received high attention on glycerol conversion. The
advantages are on the acid-basic pairs that can be adjusted by changing the M?*/M3* molar ratio, and also on other metals that can
also be incorporated in the structure, which could enhance the properties of the materials [27]. The dehydration of glycerol to acetol
has been studied using the materials as the catalysts at different calcination temperatures [28]. It was found that the corresponding
Layered Double Oxides (LDOs), formed after calcining the LDH materials, enhanced acetol yield when employed as catalysts for
glycerol conversion. The optimum calcination temperature to achieve the highest yield of acetol was found to be 500 °C, and above
500 °C the formation of by-products was observed. Without the addition of an alkaline, Cu-LDO catalysts have also recently been
employed for glycerol conversion [27]. The incorporation of Cu into the MgAI-LDO sheets resulted in the increases of glycerol con-
version and acetol yield. The resulting and previously-existing Cu?>* and Cu’ were proven to be the active species a high selectivity
towards acetol. Moreover, it was found that the catalysts were reduced during the course of acetol dehydration, and Cu® species was
highly selective to 1,2-propanediol. However, the formation of 1,2-propanediol via glycerol hydrogenolysis requires Hy supply because
it involves with C-C or C-heteroatom bond scission that is usually carried out at high temperature and pressure conditions [18,26];
hence, the needs of H, external gas and the harsh operating conditions are the main drawbacks. A thrifty way to form 1,2-propanediol
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Scheme 1. Possible pathways of glycerol conversion to lactic acid as collected from literatures.
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is to conduct under external Hp-free condition at the situations where Hy can be possibly generated in-situ from several co-driven
reactions, such as the dehydrogenation of glycerol to glyceraldehyde and glycerol reforming, using some selective catalysts [29], or
by the addition of a hydrogen donor [30]. For instance, a Cuy.3Mgs.7A10 LDO was employed as a catalyst for the conversion of glycerol,
and found to give 34.9 % selectivity towards 1,2-propanediol in an external Hj-free condition [18]. Moreover, further addition of
ethanol as a hydrogen donor was proven to form in-situ Hy; however, it resulted in the decrease in 1,2-propanediol selectivity because
1,2-propanediol was further oxidized into ethyl lactate [18].

Normally, the use of a homogeneous base is essential for a high lactic acid yield. For instance, the glycerol conversion to lactic acid
has been previously studied in two environments; that are, either neutral or basic [31]. In neutral environment, the formation of 1,
2-propanediol was more favored, while in the basic one, the selectivity towards lactic acid was greatly enhanced. Therefore, the
presence of a base is essential for the lactic acid formation; however, its uses consequently result in some additional separation and
purification costs due to the formation of lactate salts. Hence, a base-free condition is more preferred. The synthesis of lactic acid from
glycerol in a base-free condition using bifunctional Pt/Sn-MFI catalysts has been reported to achieve 80.5 % selectivity [32]. The
presence of Pt provided the metal sites that drove the selective oxidation of glycerol to glyceraldehyde, whereas Sn-MFI with a high
amount of Lewis acid sites as active sites led to the high formation of lactic acid [32]. A similar finding was also obtained using AgsPMo
as a catalyst with the presence of Ag (I) oxide that was found to enhance the activity of glycerol oxidation [33]. Moreover, the high
yield of lactic acid was also achieved, which was attributed to the high amount of strong Lewis acid sites. Accordingly, to achieve a high
yield of lactic acid from glycerol conversion under a base-free condition, a multi-functional catalyst that contains acid and metal sites is
required. A core-shell catalyst can be one of the possible alternatives, due to its ability to combine the desired properties of each
materials component [34]. The uses of core-shell catalysts on glycerol conversion have been studied. For examples, an investigation of
different catalytic structure was done on the conversion of glycerol to 1,2-propanediol with an addition of external Hy gas. The
Cu;.1/Zn0 core-shell catalyst exhibited the prominent activity with 85.7 % conversion and 82.3 % 1,2-propanediol selectivity than the
catalysts with other structures. The partial embedment by ZnO was found to enhance the adsorption and activation of Hy which
improved the catalytic activity. Furthermore, it prevented Cu from sintering, and then maintained the stability [35]. Moreover, the
activity on glycerol conversion to lactic acid and reusability of a shell@core Ni-NiO@C catalyst were compared to those of the other
supported Ni- and Ni-NiOy/C catalysts with the presence of a base [36]. The core-shell structured Ni catalyst was found to have the
highest catalytic performance with 46.8 % yield of lactic acid as a result of the properly-grown amount of NiOy and metallic Ni that led
to the superior catalytic performances, whereas the supported Ni catalyst produced only 10.6 % lactic acid yield. Moreover, in the
core-shell structure, the full coverage of carbon also provided some protection to Ni, and prevented it from leaching and
over-oxidation, finally resulting in a better catalyst stability [36]. In summary, a core-shell catalyst structure has a better catalytic
activity due to the unique interaction between the outer and inner materials, and provides a better stability than the conventional
supported catalysts. Nevertheless, the use of core-shell structured catalysts in the absence of a base and external Hy gas has rarely been
found in published articles nowadays.

In our preliminary work, Ag/Sn-zeolite catalysts have been investigated for the conversion of acetol to valuable chemicals [37,38].
The catalysts were found to mainly govern the oxidation reaction, giving off 40 % oxidation products. Nevertheless, it was able to
simultaneously produce both 1,2-propanediol and lactic acid with a low selectivity. From the literature review, it is evident that the
conversion of glycerol for producing lactic acid and 1,2-propanediol under a base-free and external Ho-free condition requires (a) Lewis
acid sites, expected to drive the glycerol dehydration and Cannizzaro reaction, and (b) metallic sites playing the roles on the acetol
hydrogenation and all oxidation reactions. In addition, a core-shell structure has been proven to be essential to support such complex
reactions [35,36,39]. Consequently, the purposes of this study were to investigate the influences of core-shell catalysts, consisting of
Ag@Sn/ZSM-5 as the core and NiyMg4.xAlO with various Ni: Mg ratios as the catalyst shell, for the production of lactic acid from
glycerol under a homogeneous base-free and external Hy-free condition. Owing to the acid-base pairs on NiyMg4 xAlO, the Lewis acid
sites were expected to enhance the dehydration of glycerol, leading to the formation of acetol, while the base sites were supposed to
drive the in-situ hydrogen formation to supply to the acetol hydrogenation step so that the system can be operated under an external
H,-free condition. The ratio of Ni: Mg was consequently varied in order to determine the optimum ratio that led to the highest catalytic
activity. Subsequently, the Ag@Sn/ZSM-5 was expected to sequentially drive the oxidation of acetol to pyruvaldehyde, whereas the
Sn/ZSM-5 was then anticipated in driving the transformation of pyruvaldehyde to lactic acid under a base-free condition.

2. Experimentals
2.1. Catalyst preparation

At the beginning, AgO@Sn0O,/ZSM-5 was synthesized using the previously-reported method [37]. Namely, a ZSM-5 zeolite (Si/Al:
15 from Zeolyst International) was pretreated by calcination at 550 °C for 6 h, resulting in the formation of H*-ZSM-5. Next, 33 mL of 1
M SnCl,- 2H,0 solution was added to 2 g of H"-ZSM-5 under continuous stirring. The mixture was then stirred at room temperature for
24 h, and after that the solid was separated by centrifugation, washed, and dried in the oven for overnight to obtain SnOy/ZSM-5.

Next, AgO@Sn0,/ZSM-5 was prepared first by loading 20%wt of Ag (1.4 g of AgNOj3 in 15 mL DI water) into 3 g of SnO5/ZSM-5
under continuous stirring for 18 h. The solid was then separated from the mixture by centrifuge, washed with deionized water, and
then dried in the oven for overnight. The AgO@SnO2/ZSM-5 was obtained after calcination at 500 °C for 6 h.

The NiyMg4.xAlO-embedded AgO@SnO,/ZSM-5 catalysts were synthesized by co-precipitation method. Mixture A was prepared
by adding 2 g of AgO/SnO>@ZSM-5 in 40 mL deionized water, followed by sonication for 30 min and the addition of 2 g Na;CO3 with
subsequent sonication for another 6 min. Later, Mixture B was prepared with the amount of AI(NO3)3 - 9H,0 fixed at 3.75 g, 9.74 g of
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Fig. 1. FE-SEM Images of (a) H-ZSM-5, (b) SnO5/ZSM-5, and (c) AgO@ SnO,/ZSM-5, and HR-TEM images and EDX mapping of (d) SnO5/ZSM-5, (e)
AgO@Sn0,/ZSM-5.
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Mg(NO3)2 - 6H20 and 0.58 g of Ni(NOs)s - 6H20. Then, Mixture B was added into Mixture A with the pump rates of 45 mL/min under
vigorous stirring with the pH of the solution was maintained at 10 by adding 4 M of NaOH. After 1 h of stirring, the mixture was then
centrifuged. Next, the obtained precipitate was added into 40 mL deionized water, followed by stirring for another hour. Subsequently,
the slurry was centrifuged, and the solid precipitate was washed using deionized water until the pH reached 7. Finally, the obtained
shell@core catalysts with Ni/Mg ratio of 0.2/3.8 were dried in the oven for overnight, followed by calcination for 5 h at 500 °C. The
catalysts with the other Ni/Mg ratios of 0.3/3.7, 0.4/3.6, and 0.5/3.5 were also prepared using the same procedure.

2.2. Catalyst characterization

X-Ray powder diffraction (XRD) was employed to determine the crystallinity of catalyst samples and the morphology of catalysts.
The XRD patterns were recorded using Rigaku SmartLab X-Ray Diffractometer in the range of 5-80° with the scan of 0.02° (26) steps/
0.6 s. X-ray fluorescence spectrometer (XRF) was performed to determine the elemental concentration of the catalyst samples using
Bruker S8 Tiger WDXRF spectrometer. Surface area analyzer (Quantachrome, QS-evo MP) was employed to determine the specific
surface are, pore size, and total pore volume of the catalyst. The surface and morphology of the catalysts were observed by using a Field
Emission Scanning Electron Microscopy (FE-SEM), Hitachi/S-4800. Transmission electron microscopy (TEM) was performed using a
Thermo Scientific TALOS F200X (FE-TEM), and the elemental mapping was conducted using an EDX detector. X-Ray Photoelectron
spectroscopy (XPS) was carried using the AXIS ULTRAP'™ to determine the oxidation state and chemical bonding of elements in the
samples.

The temperature programmed desorption of ammonia (NH3-TPD) and carbon dioxide (CO2-TPD) were employed to determine the
acidity and basicity of the catalysts using TPDRO Analyzer, BELCAT IIL. The catalysts were pretreated in He gas at 450 °C for 60 min,
and then pre-adsorbed the 10 % NHs/He or 99.9995 % CO4 at 100 °C for 30 min. After that, temperature was increased to 650 °C at
10 °C min~" and held for 30 min with He. X-ray absorption near edge structure (XANES) and extended x-ray absorption fine structure
(EXAFS), were performed in the transmission mode at room temperature for the Ni K-edges in order to investigate the structure of
catalyst shells at different Ni/Mg ratios at Beamline 8 of the Synchrotron Light Research Institute (SLRI), Thailand [40]. The XANES
and EXAFS data were then processed using the ATHENA and ARTEMIS softwares [41]. The catalyst composition was determined using
linear combination fitting (LCF), while the coordination number and type of neighboring atoms were identified by the ARTEMIS
program.

2.3. Activity testing

The catalytic conversion of glycerol was performed using a PARR reactor. A 40 mL of glycerol (99.5 % AR Grade, QRéc) and 1 g of a
catalyst were added into the reactor, and the air inside was removed by purging the reactor with N gas for 30 min. The reaction was
then conducted at 180 °C for 4 h under 300 rpm stirring rate without the addition of an alkali solution or external H; gas. After 4 h of
residence time, the reactor was then cooled down to room temperature, and the liquid product was separated from the catalyst by
centrifugation, and later analyzed using a 1D-Mode Pegasus LECO GC-TOF/MS. The conversion and product selectivity were calcu-
lated using the following equations:

Concentration of Gly;, — Concentration of Gy, « 100

Glycerol Conversion (%) = Concentration of G,

Concentration; (wt%)

Selectivity of Product i (%) =— x 100

>~ Concentration; (wt%)

i=o

Selectivity;(%) x Glycerol Conversion (%)
100

Yield of Product i (%) =

It is hereby noted that since the required Lewis acid sites, formed only after the LDHs are calcined to the corresponding LDOs, were
expected to drive the glycerol dehydration as well as the Cannizzaro reaction, only the LDO form of the composite materials was
therefore tested for the activity. Moreover, the LDH form is not usually stable in the reaction condition conducted at 180 °C for 4 h
under 300 rpm stirring rate, even without an alkaline addition. Hence, the activity testing was only performed on the LDO-embedded
samples in this work. However, the LDH form of samples was also prepared as the references in order to investigate the change in the
local environment and ensure the phase transformation of the LDOs before (LDHs) and after calcination (LDOs).

3. Results and discussion
3.1. Determination of catalyst formation

To elucidate the morphology and structure of the catalysts, the FE-SEM and TEM-EDX techniques were first employed, and the
results are presented at every steps of preparation in Fig. 1. The FE-SEM images in Fig. 1(a) show that the commercial H-ZSM-5 clearly

has an uneven cuboid structure with the average size of ~160 nm, and then the sample size in Fig. 1(b-c) at each preparation step
increases from ~160 nm (H-ZSM-5) to ~200-300 nm (SnO3/ZSM-5 agglomerates) and to ~550-750 nm (AgO@SnOy/ZSM-5
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agglomerates), indicating the sequential coverages of SnO, and then AgO onto H-ZSM-5. Moreover, the TEM image in Fig. 1(d) and
elemental mapping also depict that SnO; is mostly crowded between grains of the zeolite, resulting in the bigger agglomerates with an
average size of ~260 nm. Subsequently, after the further deposition of AgO onto SnO3/ZSM-5, SnO5/ZSM-5 is fully covered by AgO as
depicted in Fig. 1(c). Apparently, the elemental mapping (Fig. 1(e)) also exhibits and confirms that a shell of Ag species is formed and
fully cover the clusters of SnOy/ZSM-5. Furthermore, the XRD pattern in Fig. 2 exhibits the diffraction peaks of SnO; at 26.7°, 33.9°,
51.9°, and 58.2° [42] and of AgO at 33° and 57.43° [42,43]. At this stage, a sandwiched core-shell catalyst [34] is formed as illustrated
in Fig. 3 that apparently illustrates the complete coverage of AgO shell around the SnO5/ZSM-5 core. Thus, the sandwiched core-shell
catalyst at this step is denoted as “AgO@Sn02/ZSM-5", where AgO is the shell, and SnO,/ZSM-5 is the core.

In the next step of preparation, a NiyMgs xAlO was grown on the AgO@Sn0y/ZSM-5 powder, and the XRD was performed on the
resulting materials, as the patterns are shown in Fig. 2. The XRD patterns of the LDH samples, shown in Fig. 2(a) as references, indicate
the characteristics of hydrotalcite phase at 26 of 11.19°, 22.69°, 38.49°, 45.6°, 61.55°, which correspond to (003), (006), (015), (018),
and (113) planes [18,44]. Fig. 2(b) exhibits that after calcination at 500 °C, the hydrotalcite phase disappears with the formation of
MgO (periclase), NiO (bunsenite) at 43.5° and 62.9°, and 75.4° are detected [45,46], which implies the collapse of LDH interlayer after
calcination [47], forming LDOs as confirmed by the characteristics diffraction peaks of MgAl;04 spinel at 44.86° detected in all
NixMg4 xAlO samples [48]. As supported by the SEM and TEM images, Fig. 4(a—d) shows the agglomeration of NiyMg4 xAlO, identified
by the formation of uneven rectangular sheets covering the AgO@SnO,/ZSM-5 clusters. The formation of catalysts at this stage is
generally matched with an embedded core-shell type defined by Das et al. (2020) [34], and the catalysts then called the “NiyMg..
xAlO-embedded AgO@Sn0,/ZSM-5" as depicted in Fig. 5(a). They consist of NiyMg4xAlO lodges that embed the sandwiched
core-shell type AgO@SnO,/ZSM-5 cluster.

In addition, the elemental mapping in Fig. S1(a) of supplementary documents reveals that the ratio of Ni affects the formation of
NixMg4.xAlO lodges around the AgO@Sn0O2/ZSM-5 clusters. At the lowest Ni ratio of 0.2, the NiyMg4.4<AlO layer seems to partially
cover the AgO@Sn0O,/ZSM-5 clusters, as depicted in Fig. 5(a). As a result, a sandwiched core-shell catalyst of the embedded type is
formed [34,49]. With the increasing Ni ratio, NiyMg4xAlO starts to cover the clusters more and more. Finally, at the highest Ni/Mg
ratio of 0.5/3.5, the shell of NiyMg4 4AlO is formed, fully covering the AgO@SnOy/ZSM-5 clusters, indicating the embedment of
AgO@Sn0y/ZSM-5 in the bulk of NiyMg4.xAlO. At this stage, a completely-embedded sandwiched core-shell type catalyst is formed
[34,49] as illustrated in Fig. 5(b). In summary, it can be concluded that (1) when the Ni/Mg ratio is below or equal to 0.3/3.7, the
catalysts can be categorized as a sandwiched core-shell catalyst of the embedded type, and (2) when the Ni/Mg ratio is higher or equal
to 0.4/3.6, they turn into a completely-embedded sandwiched core-shell type, as illustrated in Fig. 5.

Additionally, the embedding Ni,Mg4 xAlO lodges were investigated for the local environments at various Ni/Mg ratios using XRD,
XPS, XANES, and EXAFS. In order to investigate the phase transformation, the structures before (LDHs) and after calcination (LDOs)
were compared. The Mg 2p XPS spectra of the materials before (LDHs) and after calcination (LDOs) are presented in Fig. 6. In the LDH
form, the Mg 2p deconvolution exhibits two peaks that correspond to the Mg-OH (48.3 eV) and Mg-COs (49.7 eV) binding energies.
After calcination, the shifts of Mg 2p peaks towards a higher binding energy are observed on all samples, indicating a change in local
environment on the embedding LDH lodges, which was previously found also in the XRD results. Furthermore, the deconvolution of
Mg 2p XPS spectra on the LDO lodges exhibits three peaks that correspond to the Mg-O, Mg-0O-Al, and Mg-OH binding energies [45].
In addition, with the increasing ratio of Ni from 0.2 to 0.5, the Mg 2p peaks of LDO shift to a higher binding energy towards the
Mg-O-Al and Mg-O phases, implying that at a higher Ni ratio, the Mg sites were not further replaced by the Ni?* species. Fig. 6 (b)
displays the Ni 2p XPS spectra, contributed from spin-orbit doublets (Ni 2ps,» and 2p; /2) and satellites (labeled as “sat™) of both LDH-
and LDO-embedded samples. For the LDH-embedded samples, the deconvolution peaks display two peaks at binding energies of 853.8
eV and 854.9 eV, which correspond to Ni?*-O and Ni2*-OH bonding. Apparently, the addition of Ni does not seem to make any changes
in the local environment of LDH lodges since no peak shifts are noted when the Ni ratio increases from 0.2 to 0.5. In contrast, for the
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Fig. 2. XRD patterns of (a) NiyMg, xAlH-embedded AgO@Sn0O2/ZSM-5 and (b) Ni,Mg4.xAlO-embedded AgO@Sn0O,/ZSM-5 catalysts in comparison
with those of all the components.
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H-ZSM-5 Sn0,/ZSM-5 AgO@SnO,/ZSM-5

Fig. 3. Illustration of the formation of SnO,/ZSM-5 and AgO@Sn0O,/ZSM-5 catalysts.

HR-TEM
Ni,,Mg, ;Al0-embedded
AgO@Sn0,/ZSM-5

Fig. 4. HR-TEM images and FE-SEM images of (a) Nip.,Mg3.sAlO-embedded AgO@Sn0,/ZSM-5, (b) Nig.3Mg3.7Al0-embedded AgO@SnO,/ZSM-5,
(c) Nip.4Mg3.6Al0-embedded AgO@Sn0,/ZSM-5, and (d) Nip.sMgs3.5A10-embedded AgO@Sn0,/ZSM-5 catalysts.

LDO-embedded samples, the significant chemical shifts in the Ni 2p spectra are observed. The Ni 2ps,, peaks observed from NiO
standard is located ~853.8 eV and ~855.5 eV. At the Ni ratio of 0.2, the peaks shift toward higher binding energies of ~857 eV,
assigned to the Ni*+-0 (2< § < 3), and ~858.6 eV, assigned to the octahedral Ni%* in NiAl;,04 [50], likely because some Ni%* may
attempt to locally replace the Mg?" sites, next to AI** sites, inside the LDO structure. At the Ni ratio of 0.3, the peaks shift further
towards a higher binding energy, indicating that more Ni%* substitutes the Mg—O-Al sites, forming Ni-O-Al bond. From the ratios of
0.3-0.5, the shifts move back a lower binding energy, suggesting the saturation of the Ni substitution and then resulting in the for-
mation of NiO clusters outside the LDO structure. In addition, the formation of Ni®* species is further confirmed by the Oy XPS results
in Fig. 6(c), which reveal two deconvoluted peaks attributed to chemisorbed oxygen (O,) at a lower B.E. and lattice oxygen (Op) at a
higher B.E [51]. At lower Ni ratio <0.3, a larger value of O,/(O4+Op) ratio (Table 1) implies that the catalysts exhibit a lower electron
density around the surface oxygen species than the ones at Ni ratio >0.4, which causes a negative charge transfer from the Ni sites, then
forming Ni species with higher oxidation states than +2 [51]. These observations are further confirmed and elucidated by the XANES
results.

The analysis details of Ni K-Edge XANES spectra of NiyMg4 xAlH and Ni,Mg4 xAlO on AgO@SnO5/ZSM-5 catalysts are provided in
Fig. S2 ofthe supplementary documents. In summary, the LDH samples was found to adopt the symmetric octahedral geometries
evinced by the presence of weak absorption pre-edge at ~8332.8 eV [52,53]. After calcination, there was a slight change in the local
environment of Ni, which can be seen from the formation of shoulder peaks at ~8342 eV that suggests the presence of another
coordinating sites outside the octahedral geometries [42,54]. Moreover, a similar fashion as in the XPS spectra is also observed from
the phase compositions calculated using the Linear Combination Fitting (LCF) tool in ATHENA by fitting the Ni K-Edge spectra with its
Ni standards. The fitting results are provided in Table 1. In the LDH form, Ni elements are mostly in the Ni2"-O species, while after
calcination, the Ni elements at the ratios of 0.2 and 0.3 are in the forms of Ni?*-O and Ni**-O species (with the average Ni oxidation
states of 2.4-2.5), and at the higher ratios of Ni (0.4 and 0.5) only the formation of Ni?t-0 species exists.

Subsequently, the local environment around atoms of the NiyMg4 xAlO lodges was further analyzed using EXAFS, and the fitting
details are provided in Fig. S3 of the supplementary document. Both LDH and LDO samples provide two main peaks; that are, the first
peak centered at ~1.6 A that is contributed from the Ni-O scattering path, and the second peak centered around ~2.5 A are attributed
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Fig. 6. XPS spectra: (a) Mgap, (b) Nigp, and (¢) O of NiyMg4.cAlH and Ni,Mg4,AlO.



D. Denala et al. Heliyon 10 (2024) e30325

Table 1
Phase compositions in the NiyMg, yAlO-embedded AgO@Sn0O,/ZSM-5 catalysts before and after calcination from Linear Combination Fitting.
Sample Ratio of Ou/(04+0p) Ni K-edge Ni Oxidation state” R Factor
Form Name Extent of embedment % Composition
NiO NiO, Ni Foil

Ni Mg, xAlH on AgO@Sn0O,/ZSM-5

LDH Nig.oMg3.sAlH Partial - 94.7 5.3 0 2.0 0.0205
Nig.3Mg3.7AIH Partial - 95.2 4.8 0 2.0 0.0197
Nig.4Mg3.cAIH Complete - 100 0 0 2.0 0.0144
Nig.sMgs.5AIH Complete - 100 0 0 2.0 0.0227

NixMg4.xAlO on AgO@Sn0,/ZSM-5

LDO Nig.oMg3.sAl0 Partial 0.51 66.3 33.4 0 2.4 0.0185
Nig.3Mgs3.7Al0 Partial 0.63 83.6 16.4 0 2.5 0.0147
Nig.4Mg3.6Al0 Complete 0.41 100 0 0 2.1 0.0166
Nio.sMgs3.5A10 Complete 0.24 100 0 0 2.0 0.0165

@ Calculated from Ni K-edge of the Ni references employed in the XANES experiments.

to the Ni-Mg and Ni-Al scattering path. Similar to their Ni K-Edge XANES spectra, the change in the local environment of Ni after
calcination is also observed from the EXAFS. Previously, the presence of shoulder peaks that signify the hydroxide bonded with Ni the
LDH samples are present around ~1.1 A and ~2.2. After calcination, these two shoulder peaks disappear, indicating that the hydroxide
previously bonded with Ni has changed its form after calcination. Moreover, the calcination also appears to affect the bond distances
and coordination number of Ni-Mg bond (Table 2). A decrease in Ni-O coordination number, along with the increase of coordination
number of Ni-Mg from ~6 to ~12, suggesting a change in geometric structure after calcination [53,54]. According to the EXAFS
results, it shows that in calcined formed, the NiyMgs1AlO lodges where consists of MgO and MgAl,04 structures with no other
structure exists, which also confirmed by the previous XRD results. The fitting shows that the Ni?" ions replace the Mg sites of the MgO
structure inside Mg4AlO lodges, and locally some of the Ni%* ions also able to replace the Al sites inside the MgAl,0, structure.
Moreover, the effect of increasing Ni ratio can be observed on the radius of Ni-O-Mg bond on the LDO lodges. There are no any
significant changes in both bond length and the coordination number on Ni-O and Ni-O-M bonds (M = Mg or Al) with increasing

Table 2
Structural parameters from the Ni-K Edge EXAFS spectra for NiyMg4 xAlO embedded- AgO@SnO,/ZSM-5 catalysts.
Sample Ni K-Edge
Form Name Bond Type C-N. R (A) ss R factor

NiyMg4.xAlH on AgO@Sn0,/ZSM-5

LDH Nig.,Mgs sAIH Ni-O 6.5 £ (0.5) 2.03 + (0.008) 0.007 0.015
Ni-O-Mg 6.4 £ (0.46) 3.01 + (0.008) 0.008
Ni-O-Al 7.0 +(5.1) 2.64 + (0.050) 0.00001
Nig.3Mgs.7AIH Ni-O 6.4 £ (0.6) 2.07 + (0.004) 0.001 0.013
Ni-O-Mg 6.2 £ (1.1) 2.86 + (0.008) 0.004
Ni-O-Al 7.5 £ (3.6) 2.83+ (0.033) 0.013
Nio.4Mgs.sAIH Ni-O 6.1+ (0.6) 2.08 + (0.005) 0.004 0.011
Ni-O0-Mg 6.1 £+ (0.5) 2.86 + (0.009) 0.005
Ni-O-Al 7.4 £ (6.3) 2.77 + (0.034) 0.031
Nig.sMgs.sAIH Ni-O 6.4 £+ (0.4) 2.06 + (0.004) 0.004 0.008
Ni-O-Mg 6.1 £+ (0.5) 2.86 + (0.009) 0.006
Ni-O-Al 7.5+ (3.4) 2.80 + (0.059) 0.012

NixMg4xAlO on AgO@Sn0,/ZSM-5

LDO Nig.,Mgs.sAlO Ni-O 6.1 £+ (0.3) 2.08 + (0.008) 0.008 0.004
Ni-O-Mg 12.1 £ (0.5) 2.98 + (0.005) 0.012
Ni-O-Al 6.5 £ (3.0) 2.66 + (0.041) 0.005

Nig.3Mgs.7A10 Ni-O 6.0 £+ (0.2) 2.11 + (0.002) 0.005 0.001
Ni-O-Mg 12.2 + (0.6) 2.98 + (0.002) 0.012
Ni-O-Al 6.5 + (3.4) 2.77 + (0.026) 0.023

Nig.4Mgs sA10 Ni-O 6.0 £+ (0.7) 2.06 + (0.005) 0.005 0.015
Ni-O0-Mg 11.9 £ (1.1) 2.54 + (0.008) 0.012
Ni-O-Al 7.7 £ (6.1) 2.59 + (0.062) 0.015

Nig.sMg3.5A10 Ni-O 6.2 £ (0.6) 2.08 +(0.013) 0.008 0.019
Ni-O0-Mg 11.9 £ (1.1) 2.96 + (0.007) 0.013
Ni-O-Al 8.3 £(7.0) 2.58 + (0.073) 0.010
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Ni/Mg ratio from 0.2/3.8 to 0.3/3.7, except for a little change in Ni-O-Al bond length from 2.66 to 2.77 A. However, at a higher Ni
ratio from 0.3 to 0.5, a decrease in both Ni-O-Al bond radius along with the increase in its coordination number are observed, possibly
due to the Ni anti-site defect, caused by the Ni%* substitution on the Al®* sites [55]. Moreover, an increase in the coordination number
of Ni-O-Al also indicates the formation of NiO clusters outside the LDO structure. Since, the Ni2* is unable anymore to be inserted to
stabilize the structure, the Al atoms move towards Ni sublattice, resulting in the increase of Ni-O-Al coordination number [55,56]. As a
result, the formation of NiO clusters occurs on the Ni,MgyAlO lodges.

3.2. Physical properties

Table 3 gives the elemental composition of sandwiched AgO@Sn0O5/ZSM-5 and NiyMg4 xAlO-embedded AgO@Sn0Oy/ZSM-5 cat-
alysts, whereas Table 4 shows the elemental compositions of the embedded catalysts and NiyMg4.xAlO-LDO samples prepared sepa-
rately using the same preparation condition. The LDO samples have a quite similar relative mole ratio to the expected mole ratio value.
The Ni replacement in the Mg position of the LDO layers ranges from 5 to 12.5 %. For the embedded samples, the NiyMg4 xAlOs, grown
on the AgO@Sn04/ZSM-5, have slightly-higher Ni/Mg ratios than those grown as themselves. It can be implied that at a low Ni/Mg
ratio, Ni can replace more greatly in the Mg position of NiyMg4 xAlH when the LDHs were grown on AgO@SnO2/ZSM-5. Table 4 also
reveals that the weight percentage of NixMg4.4xAlO in all NiyMg4.xAlO-embedded AgO@Sn0Oy/ZSM-5 catalysts ranges from 62 to 67 %,
meaning that the amount of the NiyMg4.,AlO lodges is twice as much as that of the embedded AgO@Sn0y/ZSM-5.

The physical properties of the catalyst samples are summarized in Table 5. A decrease in surface area along with the increase of
average pore size is observed when each component is added into H-ZSM-5 step by step of preparation. Furthermore, the pore size in
the range of microporosity are increased from 8.2 to 15.2 A after the encapsulation by Ni,Mg4.4AlO. The increasing Ni/Mg ratio does
not affect to the pore size and volume. However, an increase in surface area along with the Ni/Mg are observed. The acidity and
basicity of the catalysts are also summarized in Table 5 from the TPD profiles in Figs. S4 and S5 of the supplementary documents. The
parent H-ZSM-5 zeolite consists of two acid sites, weak and strong acid sites. The deposition of SnO; creates a new medium-strength
acid site, and the deposition of AgO onto the SnO5/ZSM-5 layer increases the total acidity and basicity of the catalyst samples. The
embedment by NiyMg4 AlO further enhances both the total acidity and basicity of the resulting embedded catalysts, which are clearly
contributed from NiyMg4.xAlO lodges. Furthermore, the increases in both medium-strength and strong acid/basic sites indicate that the
presence of NiyMg4 AlO lodges helps to enhance and modify the acid and basic strength of the NiyMg4 xAlO-embedded AgO@Sn0Oy/
ZSM-5 catalysts.

Our research group previously investigated the acidity and basicity of the MgzAlO-LDO catalysts, and found that the catalysts
contain acid sites, which consist of weak Brgnsted acid sites, assigned to OH groups, and strong Lewis acid sites contributed from Al3*-
o* pairs [46]. Moreover, three basic sites were identified as (a) weak Brgnsted basic site related to the OH™ groups, (b) the medium
strength Lewis basic site associated with Mg?*-0? pairs, (c) and strong Lewis basic site that is related to the isolated 0?~. Moreover, the
phase transformation of NixMg4.xAlH to NiyMg4 xAlO after calcination was reportedly found to increase both acid and basic sites of the
catalysts [57]. LDHs are known to contain abundant weak Brgnsted basic sites due to the presence of ~-OH groups in the structure. Upon
calcination, the ~OH groups were transformed, resulting in the formation of M2/3*-0% pairs (Mg?"-0%, Ni?"-0%, and AI**-0%) as
well as isolated 02~ group that exhibited stronger acid and basic properties. From Table 5, the substitution of Ni into Mg-O-Al sites in
Mg4AlO markedly enhances the acid and basic strength of the catalysts because a new formation of the Ni-O-Al or Ni-O-Mg present in
NixMg4.<AlO. Since the electronegativity of Ni is higher than that of Mg and Al (Mg < Al < Ni = 1.31 < 1.61 < 1.91), the Ni-O-Al
bonding creates a new stronger Lewis acid site than that is formed by the A1>T-0% pairs [44]. Substitution of Ni into the structure also
increase the electron density around the oxygen which therefore creates a stronger Lewis basic site and increased the overall basicity of
the catalyst. Based on the XPS, XANES and EXAFS analysis, the illustration of NixMg4.xAlO lodges with their acid and basic sites can be
depicted in Fig. 7. In summary, the thermal treatment of NixMg4.xAlH on AgO@Sn0O,/ZSM-5 resulted in a more diverse acid and basic
sites. Even though some of the —OH groups still exist in the structure, the majority have been transformed, leading to the formation of
M2*/3+.0% pairs and isolated 02~ that exhibit stronger Lewis basic sites, resulting in the improvement the overall basicity of the
NixMg4.xAlO-embedded AgO@Sn0y/ZSM-5 catalysts.

Table 3
Elemental composition of sandwiched AgO@SnO,/ZSM-5 and NixMg4-xAlO-embedded AgO@SnO,/ZSM-5 catalysts.
Sample Elemental composition (% wt.)"
Ag Sn Si Al

Sandwiched Core-Shell

AgO@Sn0,/ZSM-5 23.6 24 17.1 1.09

NixMgy xAlO-embedded AgO@Sn0,/ZSM-5

Nio.2Mgs.5A10 23.4 24.0 17.6 1.1

Nio.3Mg3.,A10 22.7 23.2 17.1 1.01
Nig.4Mg3.6Al0 23.0 23.8 16.9 1.03
Nio.sMgs.5A10 22.9 23.1 16.5 1.05

@ Determined using XRF.
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Table 4
Elemental compositions of separately-prepared NixMg4 xAlO lodges and NixMg4 AlO-embedded AgO@SnO5/ZSM-5 catalysts.
Sample Relative mole Si/Al % wt. of NiyMg4xAlOin  Thickness" % Replacement of Ni in
ratio” mole composite catalysts” (pm) Mg positions of LDO
ratio”
Name Form Ni Mg Al Expected  Observed
Ni,Mg4.xAlO Lodges
Nig2Mgs A0 — 0.2 3.8 1 - - 5 5
Nip.3sMgs,AlIO  — 0.3 3.8 1 - - - 7.5 7.3
Nig.4Mg36A10  — 0.5 3.4 1 - - - 10 12.8
NigsMgssAI0  — 0.6 3.5 1 - - 12.5 14.6
NixMg4 xAlO on AgO@Sn0,/ZSM-5
Nig.2Mgs.gAl0 Partial 0.3 4.1 1 15 62 4.6 5 6.8
embedment
Nio.3Mgs.7A10 Partial 0.4 4.0 1 15 66 4.8 7.5 8.9
embedment
Nig.4Mg3.6A10 Full 0.5 3.9 1 15 65 5.0 10 11.4
embedment
Nio.sMgs.5A10 Full 0.7 3.9 1 15 67 5.1 12.5 15.2
embedment
& Determined by XRF.
Weight of NixMgl — xAlO) = 100
? Calculated from o Nix(M 1g x/);lO ¥ Vflei ht ofA> 0GSn02/ZSM — 5
¢ Estimated from sﬂlﬂ%@% 1mag§s. 8 L
Table 5
Physical and chemical properties of AgO@SnO,/ZSM-5 core and NixMg4.xAlO-embedded AgO@SnO,/ZSM-5 catalysts.
Samples Sper (m%/ Pore Volume (cc/ Average Pore Diameter Total Acidity (mmol/  Total Basicity (mmol/
8’ 9’ A’ 8)° 9’
Name Form
Core
H-ZSM-5 - 356.4 0.26 5.6 0.575 0.260
Sn0,/ZSM-5 - 195.3 0.19 7.5 0.197 0.441
AgO@Sn0,/ZSM- - 93.4 0.17 8.2 0.747 0.672
5
NiyMg4.AlO LDOs prepared separately
Nip.oMg3.5A10 - 106.9 0.34 38.2 0.985 1.063
Nio.3Mgs.7AlO - 114.3 0.33 38.2 1.188 1.313
Nig.4Mg3.6A10 - 120.8 0.34 38.2 0.955 1.051
Nip.sMg3.5A10 - 134.5 0.34 38.2 1.158 1.227
NixMg4xAlO on AgO@Sn0,/ZSM-5
Nig.2Mgs.gAlO Partial embedment 41.2 0.25 15.2 0.925 2.273
Nio.3Mgs.7AlO Partial embedment 47.1 0.23 15.2 1.012 2.392
Nig.4Mg3.6A10 Complete 59.4 0.25 15.2 0.851 2.122
embedment
Nip.sMgs.5A10 Complete 68.5 0.25 15.2 0.992 2.437
embedment

@ Determined using BET.

b Determined using BJH method.
¢ Determined using NH3-TPD.

4 Determined using CO,-TPD.

3.3. Catalytic activity

The catalytic activity of NixMg4.xAlO-embedded AgO/SnO>@ZSM-5 catalysts was investigated using glycerol as the feed at 180 °C
for 4 h of residence time in order to study the roles of AgO@SnO,/ZSM-5 clusters, and NiyMg4xAlO lodges at various Ni/Mg ratios on
the glycerol conversion.

3.3.1. Catalytic activity of Ni,Mgy.AlO lodges as catalysts

The activity of NixMg4 xAlO lodges separately tested as catalysts is shown in Fig. 8. It is revealed that without any catalyst, the
conversion of glycerol is only 7.6 %; however, when a Ni,Mg, yAlO was employed as a catalyst, the conversion starts to increase. At 5.0
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Fig. 8. (a) Glycerol conversion and product selectivity, and (b) Yield of selected products over pure Ni,Mg4,AlO lodges separately tested
as catalysts.

% Ni replacement, the NiyMg4 xAlO can convert 27.0 % glycerol. After that, the conversion is gradually increasing from 27.0% to 35.9
% with the increase of %Ni replacement from 5% to 14.6 %. Therefore, it is observed that the conversion of glycerol can be significantly
affected by the Ni/Mg ratio of the NiyMg44AlO. Based on Fig. 8(a), the non-catalytic reaction does not show much variety of the
products. The selectivity only points towards the formation of 71.3 % dioxolane, 17.0 % diglycerol, and 11.7 % dioxane, indicating that
the acetalization is highly favored, forming dioxolane as a major product with other co-products such as dioxane and diglycerol. The
use of all NiyMg4.xAlOs shows a wider spectrum of products with the major production of 1,2-propanediol. The selectivity towards 1,2-
propanediol is gradually increasing with the increasing Ni/Mg ratio. Namely, at 5.0 % Ni replacement, the selectivity of 1,2-propane-
diol is 21.8 %, and it goes up to 37.1 % at 14.6 % Ni replacement. It is also found that other dominant products are dioxolanes, di-
oxanes, acetol, acetone, and alcohols, whose selectivity is varied with Ni/Mg ratio. Moreover, no lactic acid formation is observed. The
yield of selected products are shown in Fig. 8(b). The highest yield of acetol is observed at the lowest %Ni replacement (5.0 %).
Increasing Ni/Mg ratio results in a decrease of acetol yield along with an increase of 1,2-propanediol yield, which shows the presence
of Ni species is attributed to the further conversion of acetol, forming 1,2-propanediol as a desired product.

Conclusively, it is found that the use of NiyMg44AlO as a catalyst does not only markedly increase the catalytic activity, but also
affects the selectivity of the products. Without using any catalyst, the production moves majorly towards the formation of dioxolane
groups, when a NiyMg, xAlO is involved, the selectivity of dioxolanes is suppressed, resulting in a wider product distribution. The
presence of Ni inside NixMg, xAlO drives the reaction towards the formation of 1,2- propanediol; namely, 1,2-propanediol yield is
enhanced with the increasing %Ni replacement.

Based on the original hypothesis, acetol was expected to form as the major product, NiyMg4 xAlO as catalysts, but the LDOs
themselves have a higher ability to form all the way to 1,2-propanediol with acetol formed as an intermediate. According to Scheme 1,
glycerol conversion to 1,2-propanediol can possibly occur via two pathways; namely, (1) the first one involves with the dehydration of
glycerol to acetol, followed by hydrogenation of acetol to 1,2-propanediol, or (2) through the glycerol dehydrogenation to glyceral-
dehyde, followed by dehydration of glyceraldehyde to 2-hydroxypropenal, and then to 1,2-propanediol through the hydrogenation of
2-hydroxypropenal [58,59]. Based on the results in Fig. 8(b), acetol, an intermediate from hydrogenolysis of glycerol, is observed with
the decreasing yield along with the increase of 1,2-propanediol yield at a higher Ni ratio, meaning that 1,2-propanediol is produced
over the NixMg4xAlO via the glycerol hydrogenolysis driven by Lewis acid sites. The gradual increase of 1,2-propanediol yield with the
increasing Ni content implies that the Ni sites also drive the hydrogenation reaction of glycerol to 1,2-propanediol. In fact, the for-
mation of 1,2-propanediol via acetol hydrogenation requires Hy; however, no any external Hy was added in the experiments, meaning

OH HO o y OH o 0 " )Oi
Lewis Acid +H, -H *H,
HOJ\/OH Fr— )J\/OH NN > )\/OH — XN ——
Acetol 1,2-propanediol Propionaldehyde 2-propanol
Glycerol
~OH
JNP 1-propanol
-H, | Ni** NiO
OH OH

Ho A _oH b
Diglycerol )k

Acetone

Fig. 9. Proposed influences of Ni sites in NiyMg4.1AlO lodges on glycerol conversion pathways.

13



D. Denala et al. Heliyon 10 (2024) e30325

that the in-situ Hy is formed through glycerol reforming or the dehydrogenation of glycerol, resulting in the increase of 1,2-propanediol
yield. In addition, the acetol yield appears to decrease with the increasing Ni/Mg ratio, and the higher yield of acetone, is evidently
detected, meaning the Ni sites also promote the dehydration of 1,2-propanediol. The increases in selectivity and yield towards
diglycerol with the Ni content are also observed in Fig. 8. The oligomerization of glycerol, or condensation between two glycerol
molecules, forming diglycerol was reported to occur on with the higher basic or acid Lewis sites [59]. Hence, a higher Ni/Mg ratio is
associated with the higher basic or Lewis acid sites of the LDOs, resulting in a higher selectivity and yield of diglycerol. The similar
results were also reported on a higher Ni/Mg ratio of Ni-mixed oxide catalysts that enhanced the formation of diglycerol [59].
Moreover, Fig. 8(b) also confirms that NixMg4.xAlO are able to produce acetol as a product, but acetol seems to be further converted
into 1,2-propanediol, and the yield of 1,2-propanediol increases with the increase in Ni/Mg ratio. In conclusion, the influences of Ni in
the NiyMg4xAlO are on (1) the hydrogenolysis of glycerol, (2) glycerol oligomerization, and (3) glycerol reforming, as illustrated in
Fig. 9.

3.3.2. Catalytic activity of Ni,Mg4.AlO-embedded AgO/SnO;@ZSM-5 catalysts

The catalytic activity of NiyMgs xAlO-embedded AgO/SnO,@ZSM-5 catalysts is exhibited in Fig. 10 in comparison with that of
AgO@Sn0y/ZSM-5 clusters and NiyMg4 AlO as benchmarks, and it can be seen that AgO@SnO5/ZSM-5 as itself gives a much higher
glycerol conversion (82.6 %) than any of NiyMg4 xAlO. For the NiyMg4 xAlO-embedded AgO/SnO,@ZSM-5 catalysts, the embedment
of AgO@Sn0y/ZSM-5 by the NixMg4.xAlO lodges results in a remarkedly-higher conversion of glycerol than that of NiyMg4 xAlO, but
slightly lower than that of AgO@SnOy/ZSM-5. It implies that the AgO@SnO2/ZSM-5 helps to enhance the catalytic activity of NixMga4.
xAlO. In addition, the conversion increases gradually as the Ni/Mg ratio of the embedded catalysts increases from 67.7 % to 77.0 % at
the % Ni replacement from 6.8 % to 15.2 %, which indicates that Ni species also play the same role on the catalytic activity as pre-
viously reported in the sole NiyMg, xAlO.

Fig. 10 exhibits that the AgO@SnO»/ZSM-5 produces 17.4 % selectivity of monoacetin as a major product together with 6.8 % lactic
acid selectivity. Other side products are also formed in the products; for instances, 13.6 % 1,3-dioxolane, and 12.4 % 1,2-propanediol.
The embedment of AgO@Sn0O2/ZSM-5 in NiyMg4 xAlO lodges results in a wider spectrum of products. Particularly, when the NiyMg,.
xAlO-embedded AgO@Sn0O5,/ZSM-5 are employed, the selectivity moves towards the formation of 1,2-propanediol as a major product.
The highest 44.4 % selectivity of 1,2-propanediol is also achieved at the lowest Ni/Mg ratio (6.8 % Ni replacement). Although the 1,2-
propanediol yield is slightly dropped first at a lower Ni/Mg ratio, the increasing Ni/Mg ratio results in a gradual increase of 1,2-pro-
panediol yield as shown in Table 6.

Earlier, Fig. 8 shows that all NiyMg4 xAlO are not capable of producing lactic acid. However, the incorporation of NixMg4.xAlO onto
AgO@Sn0y/ZSM-5 makes the NiyMg4 xAlO-embedded AgO@Sn0O2/ZSM-5 catalysts to be able to produce lactic acid with the highest
13.1 % selectivity at the lowest Ni/Mg ratio (6.8 % Ni replacement). Then, the selectivity eventually decreases along with an increase
in the Ni/Mg ratio. A similar finding was also reported on Pt;,Ni,Ox/TiO; catalysts, which the decrease in lactic acid selectivity was
observed with the increasing Ni content [55]. In summary, the presence of AgO@SnO2/ZSM-5 in the NixMg4.xAlO-embedded
AgO@Sn0y/ZSM-5 catalysts helps to drive all reactions toward the lactic acid formation. Table 6 shows that AgO@SnO2/ZSM-5
clusters itself can form 5.4 % yield of lactic acid. An increase in lactic acid yield is observed in all the sandwiched shell@core catalysts,
and the highest 8.7 % lactic acid yield is achieved at the Ni/Mg ratio of 0.2/3.8 (6.8 % Ni replacement). At a higher Ni/Mg ratio, the
formation of lactic acid is suppressed, with the reasons that could be explained as follows. In the previous section, the presence of Ni
species was found to drive the in-situ Hy production from glycerol reforming reaction and/or the dehydrogenation of glycerol. Hence,
at a Ni ratio higher than 0.3, the presence of NiO clusters (Fig. 10) makes the catalysts more selectively produce 1,2-propanediol rather
than lactic acid. Moreover, at a higher ratio of Ni (0.4 and 0.5), the LDOs fully cover AgO@Sn0O,/ZSM-5 cluster, and prevent acetol
from contacting with the AgO@SnO,/ZSM-5 clusters, resulting in a lower yield of lactic acid. This is also proven by the increase of
acetol yield when the ratio of Ni/Mg is increasing. Furthermore, the formation of acetic acid and monoacetin also indicate the further
oxidation of lactic acid, which impacts to the overall yield of lactic acid.

3.4. Influences of Ni,Mgy.,AlO-embedded AgO@Sn0Oy/ZSM-5 catalysts on glycerol pathways

The influences of the catalysts on the glycerol conversion are depicted in Fig. 11. Initially, the NiyMg4 xAlO lodges provide Lewis
acid sites to drive the glycerol dehydration to acetol, and then the metal sites further drive the hydrogenation acetol to 1,2-propane-
diol. Simultaneously, the presence of Ni drives the in-situ Hy production from the glycerol reforming and/or from the dehydrogenation
of glycerol. Subsequently, the presence of silver oxide and tin oxide on AgO@SnO2/ZSM-5 clusters allows the clusters to produce lactic
acid in the liquid product with the following explanations. The presence of AgO is found to govern the oxidation of acetol to pyr-
uvaldehyde, and the presence of Lewis acid sites on SnO2/ZSM-5 drives the lactic acid formation via Cannizaro reaction. However, due
to the high amounts of AgO and SnO, the further oxidation of lactic acid is also occurred, resulting in the formation of acetic acid and
monoacetin.

Obviously, the products are formed from the synergy between the NiyMg4.xAlO lodges and AgO@SnO2/ZSM-5 clusters since the
lactic acid production on a sandwiched shell@core catalyst is higher than on the AgO@SnO2/ZSM-5 clusters or on the NixMg4.xAlO
only, proving that the presences of NiyMg, 1AlO lodges help to enhance the acetol formation that leads to higher lactic acid yield.
Therefore, the embedded shell@core catalysts structure is essentially required to form a high yield of lactic acid in the cases when no
addition of an alkaline, an oxidizing agent, and Hj gas is required. Table 7 exhibits the catalytic performance of one of our catalysts,
Nip.oMgs3.gAl0-embedded AgO@SnO2/ZSM-5, in comparison with that of other previously-reported catalysts for glycerol valorization
to lactic acid and 1,2-propanediol. It can be observed that our catalyst gives a significantly-high glycerol conversion of 67.7 % from
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Fig. 10. Glycerol conversion and selectivity of products over AgO@SnO,/ZSM-5 and NiMg, ,AlO-embedded AgO@Sn0O,/ZSM-5 catalysts.

Table 6
%Yield of selected products over NiyMg, ,AlO-embedded AgO@Sn0O4/ZSM-5 catalysts.
Samples Conversion (%) % Yield of selected product
Name Form LA 1,2-PDO AC ACN AA PYD

Individual components

Nig.,Mg3.sA10 LDO 27.0 - 5.9 2.7 0.7 - -
Nio.3Mgs.,A10 LDO 30.2 - 8.5 2.3 5.8 - -
Nig.4Mgs.6A10 LDO 34.2 - 8.6 0.0 2.9 - -
Nig.sMg3.5A10 LDO 35.9 - 11.1 1.7 3.4 - -
AgO@Sn0,/ZSM-5 Sandwiched core-shell 82.6 5.6 10.2 5.2 1.5 2.6 4.3

NixMg4.xAlO on AgO@Sn0,/ZSM-5

Nig.2Mgs.gAlO Partial embedment 67.7 9.1 30.1 1.6 4.1 0.3 0.7
Nip.3Mg3.7A10 Partial embedment 69.6 4.3 26.2 4.9 6.7 0.7 -
Nig.4Mg3.6A10 Full embedment 73.5 5.5 27.6 3.8 9.0 15 0.5
Nio.sMgs.5A10 Full embedment 77.0 4.9 30.5 7.2 8.0 1.9 -

Note: LA: Lactic Acid; 1,2-PDO: 1,2-Propanediol; AC: Acetol; ACN: Acetone; AA: Acetic Acid; PYD: Pyruvaldehyde.

even 99.9 % pure glycerol used as the feed, whereas the catalysts reported in the other articles gave a higher conversion, but only a feed
with an extremely-low glycerol concentration was employed. In addition, although our catalyst still cannot give a higher selectivity of
lactic acid than the others in comparison, it can yield a considerable amount of lactic acid and also 1,2-propanediol without the
addition of an alkaline, an oxidizing agent, and H, gas at the atmospheric pressure. With more investigation and modification, the
catalysts would possibly have a high potential to become more superior to produce lactic acid and 1,2-propanediol simultaneously.

4. Conclusions

In this work, the core-shell structured catalysts have been proven to be potential alternatives to simultaneously produce 1,2-pro-
panediol and lactic acid from glycerol without the additional of either alkali or external H; gas. Based on the results, the NixMg4.xAlO
lodges influenced the hydrogenolysis reaction that led to the acetol and 1,2-propanediol formation, whereas the AgO@SnO2/ZSM-5
governed the oxidation-Cannizarro reaction that led to the formation of lactic acid. Either partial or complete embedment of Ni,Mg4.
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Fig. 11. Proposed influences of NiyMg4.xAlO-embedded AgO/SnO,@ZSM-5 catalysts and their components on glycerol valorization.

Table 7
Catalytic performance of the Niy.,Mgs3.sAl0-embedded AgO@Sn0O,/ZSM-5 catalyst in comparison with that of other previously-reported catalysts for
glycerol valorization to lactic acid and 1,2-propanediol.

Catalyst Conversion of Selectivity of two Glycerol NaOH/ Temp Time External Gas  Ref.
glycerol (%) major products concentration in Glycerol (°C) (h) (MPa)
(%) feed Ratio
Lactic 1,2-
Acid PDO
Nip.2Mgs.gAlO-embedded 67.7 13.1 44.4 Pure glycerol (99.9 - 180 4 - This
AgO@Sn0,/ZSM5 %) work
CuAu, 99.0 93.8 0.3 2 M Glycerol (aq) 1.1:1.0 200 2 - [19]
Pt/ZSM-11 ~65.0 53.5 - 0.25 Glycerol (aq) 2.0:1.0 100 4 - [60]
[Ir(COD)(IMe).] BF4 94.0 96.6 1.3 ~0.1 M Glycerol 1.1*%1 130 24 - [8]
(aq)
Cug.4/Zng.6Mgs.0A1x05 6 78.2 99.3 - 0.02 M Glycerol - 180 10 2.0H, [61]
(aq)
Reduced Cug.3Mg;.7A10 58.3 6.0 89.5 80 % Glycerol in - 180 - - [18]
ethanol

xAlO lodges onto the AgO@Sn0O2/ZSM-5 clusters resulted in a better yield of 1,2-propanediol and lactic acid than its individual catalyst
component. The presence of Ni2* enhanced the formation of 1,2-propanediol by driving the in-situ Hy production via glycerol
reforming. Especially, at the lowest Ni/Mg ratio where the embedment was observed, the highest 8.7 % yield of lactic acid was ob-
tained. Moreover, increasing Ni/Mg ratio made the NixMg4xAlO lodges fully cover the AgO@SnO2/ZSM-5 clusters, resulting in the
lower lactic acid yield, and the high amount of Ni?* could also drive the further oxidation of lactic acid to acetic acid and monoacetin at
a higher Ni ratio.
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