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Abstract: Global warming and rising waste content collectively accelerate the development of renewable-
derived ‘low-carbon’ chemical technologies. Among all abundant renewables, marine-/food-waste-
derived chitin, the only nitrogen-containing sustainable biomass, contains the unique N-acetylglucosamine
units, which could be synthetically manipulated to a plethora of organonitrogen chemicals. Herein, we
report the efficient one-step catalytic valorization of chitin to N-acylethanolamine over cost-effective
Ni/CeO,-based materials, which interestingly demonstrate shape-based reactivity based on CeO, sup-
ports. In general, all three catalysts (Ni on cubic-, rod-, and polyhedral-shaped CeO, supports) were
active for this reaction, but they differed in their catalytic efficiency and time-monitored reaction profiles.
Herein, Ni on cubic-shaped CeO, delivered relatively better and stable catalytic performance, along with
its rod-shaped counterpart, while the polyhedral CeO,-based material also delivered decent performance.
Such interesting catalytic behavior has been corroborated by their physicochemical properties, as revealed
by their characterization studies. Herein, to establish an appropriate structure-property-reactivity relation-
ship, multimodal characterization techniques and control mechanistic experiments have been performed.
This work demonstrates a concept to reduce the consumption of primary carbon resources and increase
the utilization of secondary waste materials to facilitate a smooth transition from a linear economy (cf.
cradle-to-grave model) to a circular economy (cf. cradle-to-cradle model).

Keywords: chitin; waste valorization; heterogeneous catalysis; ceria; functionalization of C—C bonds

1. Introduction

Our over-reliance on the linear carbon economy during past decades, i.e., the ‘make-
use-dispose’ production model has inevitably led us to a 21st-century problem: waste
management [1-3]. In particular, food /marine waste valorization has become a challenging
task worldwide as a consequence of unprecedented efforts related to alleviating poverty and
increasing world population [1,3]. If not appropriately dealt with, food waste would also
have a severe environmental impact, since this waste would cause greenhouse gas emissions
at the end of its life. Although the Environmental Protection Agency (EPA) has already
proposed a hierarchical pyramid model to reduce food waste (Figure 1), the industrial
use/recycling of food waste is still extremely scarce. For example, chitin, a popular
polysaccharide-based (marine/bio/food) waste, is produced primarily from the shell waste
of crabs and shrimps, with an estimated annual production rate of around 1000 billion tons
per year [1,4-8]. Such a high (and ever-increasing) amount of waste is indeed impossible
to manage as per the EPA protocol without an appropriate recycling plan in the chemical
industry (Figure 1a). Therefore, there is an urgent demand to develop an efficient and
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profitable route to make value-added commodities/chemicals from waste-derived chitin
and, hence, to promote the circular carbon economy (i.e., 4Rs model: ‘reduce-reuse-recycle-
remove’) [2,4,5].
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Figure 1. The big picture: (a) Environmental Protection Agency (EPA)’s proposed hierarchical pyramid
model on dealing with food waste. To minimize bio-waste, large-scale industrial valorization to valuable
chemicals is highly recommended. (b) In this work, we demonstrate inexpensive Ni/CeO,-based catalyst-
mediated transformation from chitin to N-acylethanolamine, a water-soluble secondary organic amine
compound with high industrial and pharmaceutical relevance. Therefore, chitin could be considered as a
renewable feedstock for producing organonitrogen compounds in the specialty chemical industry.

Chitin is the second most abundant natural polymer after cellulose [8,9]. In addition
to the inexpensive and environmentally benign nature of chitin, the existence of nitrogen-
containing monomer units in a carbonaceous framework (NAG: N-acetylglucosamine)
makes it a potential candidate for high-value valorization in the fine organonitrogen
chemical industry [9,10]. Unfortunately, most chitin-based waste is currently being treated
or disposed of via composting, landfilling, or incineration (as illustrated in Figure 1a), which
carries adverse social, economic, and environmental impacts. To avoid any further damage,
we propose in Figure 1a that the chitin-based biowastes must be recycled and transformed
into value-added products before the recovery and disposal steps. With this objective,
herein, we demonstrate an efficient catalytic valorization strategy: one-step conversion of
chitin to N-acylethanolamine (AMEA) over Ni/CeO,-based catalytic materials (Figure 1b).
Furthermore, since the current work also addresses the issues related to resource efficiency
in waste management and minimizing the environmental impact (via skipping recovery
and disposal steps in Figure 1a), the philosophy of the work is fully compatible with the
concept of the United Nations’ Circular Carbon Economy, as well as the 2030 Sustainable
Development Goals (SDGs) (specifically SDGs 12 and 13) [2].

The research activity towards producing organonitrogen compounds, especially
amines, from biomass has been gaining momentum during the last decade [9-11]. As dis-
played in Figure 1b, chitins are constructed by NAG units, which could be utilized as feed-
stock to produce organonitrogen compounds. Among them, 2-acetamido-2-deoxysorbitol
(ADS) and N-acylethanolamine (AMEA) are the two potential target molecules from chitin
reported in the literature [9,12-18]. Herein, ADS resembles a ring-opening product of
NAG, while AMEA is an industrially more relevant target molecule due to its potential
application in various sectors, including pharmaceuticals, water and fabric treatments,
coatings, and gas treatment [9,12-18]. The transformation to AMEA could be facilitated in
the presence of a base under H; pressure through a retro-aldol reaction. Since the overall
reaction from NAG, by default, poses an unselective nature, the employed strategies in the
literature contain numerous limitations. Specifically, the catalytic valorization approaches
only rely on costly Ru-based catalysts, that too under very high temperature (up to 180
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°C) and pressure (up to 40 bar) [9,12-15,17,19]. Moreover, the obtained yield for the target
AMEA product is often low [9,12-15,17,19]; a maximum 29% N yield is reported using
a Ru/C catalyst. In the quest to find a more benign reaction condition using a cheaper
heterogeneous catalyst, herein, we report the Ni/CeO,-based material-catalyzed trans-
formation of NAG to AMEA in an aqueous NaHCOj solution under hydrogen. Herein,
we observe that the shape/form of CeO, has a considerable impact on the efficiency and
catalytic profiles, although all three catalysts were active for this reaction. Both rod- (R)
and cubic- (C) shaped CeO, delivered comparable and good results (albeit with differ-
ent time-dependent catalytic profiles). To understand such an origin of shape-selective
reactivity, the multimodal and complementary spectroscopic/analytical techniques have
been employed, corroborated by the computational analysis, which collectively revealed
that the single-atom /site-type nickel could be installed on the surface of CeO; by strong
coordination interaction. Moreover, this work also sheds light on the mechanistic pathways
to establish the structure-property-reactivity relationships of our catalytic system.

2. Results and Discussion
2.1. Catalyst Characterization

The catalyst supports, i.e., rod- (R), cubic- (C), and polyhedral (P)-shaped CeO,,
were made via hydrothermal synthesis, and subsequently, supported Ni catalysts were
synthesized by the incipient wetness impregnation method [20,21]. Herein, we refer to the
experimental section for the detailed synthesis, characterization, and other experimental
discussions, as well as Table 1 for the relevant physicochemical and structural properties of
the three Ni/CeO; catalytic materials.

Table 1. Physicochemical and structural properties of different Ni/CeO, catalytic materials.

Materials uf?fé (;i\j/i) ) (d/a) S f o [Ce};i]% ; s Ml T
Ni/CeO,(R) (153)%?71%2) 120 172 049 541 202 54.88 21.84 25.63 0.50
Ni/CeO,(P) (1‘*279'1%35’33) 118 108 077 541 127 5496 30.60 35.81 0.97
Ni/CeO,(C) éf:‘é;‘g; 104 239 035 541 335 55.52 20.88 2447 0.28

2 Surface area (Sger) measured by Ny physical adsorption. Sggr values of standalone CeO, supports only given in
parenthesis. b Ni loading measured by ICP-OES. € Average grain size of catalyst by XRD. d Microstrain stress calculated
along (11 1). ¢ Lattice parameters. f Calculated grain size using Scherrer equation due to (111),(200),(220),and (31 1)
planes. & Crystallinity calculated by Scherrer” s equation with the diffraction of (111) facets. h Calculated [Ce3*], [Oy] and
[Ip /Irzg] concentrations from X-ray Photoelectron Spectroscopy (XPS) and Raman spectra. 11Ce*1% = (Aces+)/ (Aces+

+ Aces+) X100% (A = Photoelectron peak areas). I [O¢] = (Aov)/ (AoL+ Aoc + Aoy) X 100% (A = Photoelectron peak
areas). X [Ip/ Ir2g] = Intensity of D band/intensity of F2g band in Raman spectroscopy.

The satisfactory metal loadings were observed in inductively coupled plasma (ICP) studies,
and physisorption studies revealed the non-uniform nature of supports (Table 1). Although
the BET surface area values of standalone CeO,(R) and CeO,(P) supports were significantly
higher than CeO,(C), the BET surface areas of their Ni-impregnated counterparts were com-
parable to each other. Such a phenomenon is indicative of the fact that both CeO,(R) and
CeO,(P) supports plausibly pose a high degree of ‘defects’, where the subsequent loading
of metal behaves similarly to ‘doping” and may reduce the surface area significantly [22]. It
also essentially implies that metals could be more exposed to performing catalysis duties over
CeO,(C) supports than their counterparts. To shed further light on their individual properties,
next, we performed the characterization of all three catalysts using powder X-ray diffraction
(PXRD), Raman spectroscopy, and temperature-programmed reduction of hydrogen (H,-TPR)
(see Figure 2). The typical cubic fluorite crystal phases (Joint Committee on Powder Diffraction
Standards (JCPDS 34-0394) of the CeO, support could clearly be seen in the PXRD patterns
of the Ni/CeO,(R), Ni/CeO,(P), Ni/CeO,(C) (Figure 3a) [23]. The characteristic diffraction
peaks at 28.5°, 33.1°, 47.5°, 56.3°, 59.1°, 69.4°, 76.7°, and 79.1° could be attributed to the (1
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11),(200),(220),311),(222),(400), 331), and (420) planes of CeO;, respectively [21].
Two additional small peaks at 44.5° and 51.8° belonged to the (111) and (200) crystal planes
of Ni with (JCPDS 04-0850), indicating the presence of Ni-based clusters, possibly due to the
relatively larger loading of Ni in the resultant catalytic materials. The stronger peak intensity
and narrower peak shape in the diffraction of both Ni/CeO»(R) and Ni/CeO,(C), compared
to Ni/CeO,(P), implies their higher crystallinity and larger size (Table 1). The XRD-derived
average grain sizes of Ni/CeO,(R), Ni/CeO,(P), and Ni/CeO,(C) catalysts were 17.2 nm,
10.8 nm, and 23.9 nm, respectively [24], which were expectedly inversely related to the surface
area by BET (see Figure S2 and Table 1): the smaller the grain size, the larger the specific surface
area. Herein, Ni/CeO,(P) also had the largest microscopic stress and contained the most defects,
while Ni/CeO,(C) had the least defects, plausibly owing to its completely crystalline nature
and/or high degree of crystallinity (Table 1). It is worth mentioning that the cubic fluorite
structure of CeO, was well maintained, rather unaffected, upon the addition of Ni onto the
CeO; supports (vide infra for TEM studies, also see Figures 2 and S1). Therefore, the observed
small Ni peaks in XRD signify the uneven distribution of Ni in the catalytic materials [25].
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Figure 2. (a) XRD patterns (the rhombus and the circle represent the (111) and (200) crystal planes
of Ni, respectively). (b) Raman spectra and (c) Hy-TPR spectra of Ni/CeO,(R), Ni/CeO,(P), and
Ni/CeO;(C) catalysts.

Ni/CeQ,(R)

NilCeO,(P) e A '
.

{4 \ NiiCeO,(P) Ni/CeO,{P) )
Ni/CeO,(C) ——
iCe0, NifCeQ,(C)

920 910 900 890 880 538 536 534 532 530 528 526 g75 870 865 860 855 850
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)

Figure 3. XPS (a) Ce 3d, (b) O 1s, and (c) Ni 2p3,, spectra of Ni/CeO;(R), Ni/CeO,(P), and
Ni/CeO,(C) catalytic materials. (u, u”, u”” represent the peak of Cett 3dz/p; v, v, v repre-
sent the peak of Ce** 3ds/,; u’, u’ represent the peak of Ce®* 3d;/,; v0, v’ represent the peak of
Ce3* 3ds,; Obon, Osur, Oyt stand for chemisorbed species or Ce 3+ surface defects on the surface,

surface-adsorbed, and weakly bonded oxygen species and lattice oxygen, respectively).

Since the oxygen vacancies in CeO; are always instrumental in catalysis, an effective and
non-destructive Raman spectroscopic technique has been performed to characterize oxygen
vacancies. As shown in Figure 2b, the CeO, support has three characteristic peaks: the stronger
462 cm~! belongs to the Fyg vibration of the fluorite CeO, phase, while 225 cm~! and 1185 cm ™!
are the second-order transverse acoustic mode (2TA bond) and longitudinal optical mode
(2LO bond) caused by oxygen vacancies, respectively. Moreover, 600 cm ! is designated as
the defect induction mode, which is caused by oxygen vacancies in the cerium oxide, which
indicates the presence of Ce* jons in the cerium oxide lattice [21,26-28]. After loading of Ni,
the intensity of the oxygen vacancy at 1185 cm ™! appears to be decreased due to the strong
electron-withdrawing property of Ni, implying the flowing of electrons of the internal oxygen
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towards the surface [29]. Contrarily, the peak intensity at 600 cm~! does not change much.
However, the Ni/CeO,(P) catalyst poses relatively more oxygen vacancies due to more defects,
and thus, the largest peak intensity at 600 cm~! has been observed. By comparing the intensity
ratio of the D and F»; bands (Ip/Iryg, see Table 1), we could have an idea about the formation
of oxygen vacancies on the catalyst surface because of Ni addition. Both the surface oxygen
vacancy and Ip/Ipg values are highest on Ni/CeO,(P) and lowest on Ni/CeO,(C), which is
indeed consistent with the XRD results. The band attributable to NiO species was not detected,
which indicated that metallic Ni dominates over Ni/CeO, materials [24].

Next, an Hp-TPR study was employed to check the reducibility of Ni species over different
CeO; supports to gain an understanding of their suitability during our hydrogenation reaction
conditions (Figure 2c). Herein, the Hp-TPR response of Ni/CeO,(P) could be deconvolved into
four peaks (238.6 °C, 267.2 °C, 270.8 °C, and 420.0 °C), while the other two catalysts could
be deconvoluted into three peaks: 213.9 °C, 234.0 °C, and 291.7 °C (Ni/CeO,(C)), as well as
203.1 °C, 218.2 °C, and 256.6 °C (Ni/CeO;(R)) [30,31]. Among the deconvoluted peaks in
the Ni/CeO,(R) and Ni/CeO,(C) catalysts, it can be seen that the peak around 203-213 °C is
the sharpest with the highest intensity, which is due to the reduction of the adsorbed oxygen
species on the catalyst surface and the dissociative adsorption of H; at the Ni—Ce interface of
the catalyst [24]. This is a clear indication that both the Ni/CeO,(R) and Ni/CeO,(C) catalysts
could be active options for the catalytic hydrogenation study. Among other deconvoluted
peaks, the peaks in the region of around 218-238 °C and 256292 °C were dedicated to the
reduction of surface NiO and larger NiO particles, respectively. The peak at 420.0 °C over
the Ni/CeO,(P) material was due to the partial reduction of CeO,, which tends to generate
more oxygen vacancies. As also can be further verified in Table 1, oxygen vacancies on the
catalyst surface follow the order Ni/CeO;(P) > Ni/CeO(R) > Ni/CeO,(C) [32] and the BET
surface area of standalone CeO, supports and their Ni-impregnated material follows the order
Ni/CeO,(R) ~ Ni/CeO,(P) > Ni/CeO,(C).

While analyzing the surface properties of the Ni/CeO,(C), Ni/CeO,(P), Ni/CeO,(R)
catalysts, X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface
chemical components and interactions (Figure 3). The XPS Ce 3d spectra shown in Figure 3a
were split into ten peaks, marked as U (UY —U”)and V (VO — V) for 3d; /2 and 3ds5,»
signals, respectively. Since both the Ce 3d3,, and 3ds,, responses consist of two Ce ion
peaks (Ce3+ and Ce4+), three groups of Cett (marked as u,v; u”,v”’; and u”’,v”’) and two
groups of Ce* (marked as u’, v%, and u’, v’) could be distinguished. Additionally, the
presence of Ce>* has been also demonstrated to generate oxygen vacancies on the catalyst
surface, as also indicated earlier by Raman analysis (Figure 2b). Thus, the concentration
of surface oxygen vacancies increases proportionally to the concentration of Ce3*, where
trends in the Ce3* content also follow the order Ni/CeO,(P) > Ni/CeO,(R) > Ni/CeO,(C)
(again, consistent with XRD, BET, and Raman results; see Table 1). The peak deconvolution
of the Ol1s XPS spectrum can be fitted to three peaks: the peaks centered at ~529.7 eV
(Orat), ~532.6 €V (Ogyr), and ~533.8 eV (Oyqp) could be attributed to lattice oxygen species,
surface-adsorbed and weakly bonded oxygen species, and chemisorbed species or Ce**
surface defects on the surface, respectively (Figure 3b) [33,34]. After the metallic doping in
Ni/CeO(R) and Ni/CeO;(P), there is strong chemisorption of oxygen at the interface [35].
In contrast, the nickel in Ni/CeO,(C) interacts weakly with the surface, resulting in the
formation of a weaker adsorbed oxygen with nickel at 531.65 eV and a weaker adsorbed
oxygen with Ce®* at 530.12 eV. This is because the oxygen vacancies of the electron-rich
structure increase the electron density of lattice oxygen and reduce the binding energy of
O1s electrons. Next, there are four peaks in the XPS spectrum of Ni 2p3/,: 852 eV, 854 €V,
856 eV, and 872 eV could be attributed to NiY, Ni%*, Ni**, and metallic Ni species, whereas
peaks near 861 eV are satellite peaks. According to the integral area, the content of Ni’ /Ni?*
and Ni®* follows the order Ni/CeO,(R) > Ni/CeO,(C) > Ni/CeO,(P), and Ni/CeO,(C) ~
Ni/CeO;(R) > Ni/CeO,(P), respectively.

Next, (high-resolution) transmission electron microscopy (TEM) was performed to under-
stand the morphological differences among our three catalysts (Figures 4 and 5). Herein, the
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standalone CeO,(C) displayed uniform cubic characteristics with diameters of 10-30 nm sur-
rounded by (110) crystal planes [21]. Similarly, CeO,(P) and CeO,(R) expectedly demonstrated
polyhedron (diameter ca. 10 — 20 nm, mainly the (110) plane of the CeO; lattice fringe) and
highly uniform rod morphology (diameter ca. 8 nm, and a length of 20 — 200 nm, mainly the
(100) and (110) planes of the CeO, lattice fringe), respectively. Upon impregnation of Ni, the
edge of the CeO,(C) crystal becomes blurred because metallic Ni is situated /migrated towards
the edge of the crystals (green circles in Figure 4h,i) [28,36]. It can be hypothesized that the
usual spherical nanoparticles were not formed on cubic crystals, possibly due to their small
length, while spherical NiO nanoparticles could rather be observed on longer-length CeO,(R)
crystals. Since the content of defects is relatively large on CeO,(R) crystals, the catalytically
active sites of spherical metallic Ni nanoparticles could possibly be inaccessible for the catalytic
exploration [23]. Since Ni on CeO,(C) was situated at the edge, it can effectively prevent
clustering [27]. However, the metallic feature on CeO,(P) crystals is more like edge-earth-
shaped nanoparticles, and lacks a three-dimensional structure [37]. The dispersion of Ni on
Ni/CeO,(P) is relatively more uniform, which may be because Ni/CeO,(P) contains more
oxygen vacancies. However, EDS mapping suggested that Ni-based nanoparticles are not
uniformly distributed over CeO, supports, and there are indications of clustering. Herein,
it should be emphasized that Ni-based particles are primarily supported on CeO; as it can
easily be rationalized by their non-identical physicochemical profiles, especially in the Hp-TPR,
Raman, and XPS characterization studies (Figures 2 and 3). The unique interaction between
metal and support can be observed through the applied characterizations in this work. Hence,
we can exclude the possibility of physical mixing between metals and supports, at least not
pre-dominant in the current study, where metal nanoparticles are primarily supported on CeO,
supports. The electrons of the oxygen vacancies can be transferred to Ni ions [29], which makes
the interaction between the metal and support stronger. In addition, the nature of such an
interaction is unique over differently shaped/formed CeO, supports, which has also been
reflected in their catalytic performance (vide infra).

- NifCeO,(C)

Figure 4. Typical TEM images of standalone (a) CeO,(R), (d) CeO,(P), and (g) CeO,(C) supports and
high-resolution TEM images of three catalysts: (b,c) Ni/CeO,(R), (e,f) Ni/CeO,(P), and (h,i) Ni/CeO,(C).
Green circles indicate the plausible position of metallic Ni on catalytic materials (d represents the (100)
crystal plane of CeO).



Catalysts 2022, 12, 460

7 of 14

Figure 5. Typical high-resolution TEM (left column) and EDS mapping images of three catalysts:
(a) Ni/CeO,(R), (b) Ni/CeO,(P), and (c) Ni/CeO,(C).

2.2. Catalysis: Chitin Valorization

After our in-depth characterizations, we screened all three freshly synthesized mate-
rials for the valorization of chitin: degradation of NAG to N-acetylethanolamine under
hydrogen pressure. Typically, all three catalysts were active for this reaction, but their
efficiency and time-dependent phenomena were non-identical. Herein, our Ni/CeO,(C)
catalyst could deliver a relatively higher yield (up to 42% N yield after 8 h) (Figure 6 and
Table S1) [38], whereas Ni/CeO;(R) and Ni/CeO,(P) delivered yields up to 34% and 23%
after 8 h. As mentioned before, to date, the Ru/C catalyst has shown the best activity in a
29% yield (Table S2) [18,38]. To provide further insight, the time-monitored catalytic data
for all three catalysts are presented in Figure 6. Herein, the relatively higher and more
stable reactive nature of the Ni/CeO,(C) catalyst could easily be rationalized in terms of its
~40% yield within just two hours prior to its labeling off and reaching its maximum of 42%
at 8 h. Next, the Ni/CeO,(R) catalyst had a slow start to the reaction, delivering <15% yield
until four hours, before reaching the maximum 42% yield at 6 h. Contrarily, the Ni/CeO,(P)
catalyst was the better among all three catalysts during the early phases of the reaction,
delivering ~25% yield just after 30 min, before reaching the maximum 38% yield at 6 h.
To emphasize the efficiency of our catalytic protocols, the same reaction was screened in
the presence of numerous popular heterogeneous catalysts (mostly Ni-based; see Tables S1
and S2). Herein, Ni/CeO;-based materials represent a more suitable catalyst option for this
reaction, which prompted us to perform the mechanistic investigation using a few control
experiments and computational analysis (see Supplementary Materials, Figure S6).
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Figure 6. Time-monitored degradation of NAG to N-acetylethanolamine over Ni/CeO;(C),
Ni/CeO;(R), and Ni/CeO,(P) catalysts. All data in this ‘yield versus time’ graph were generated at
120 °C temperature and 4 MPa H; pressure. All errors are <5%.

2.3. Catalysis: Reaction Mechanism

It is worth mentioning that the valorization or degradation of chitin is not a uni-
molecular reaction; instead, it contains numerous reversible reactions. Therefore, a slight
increase/decrease in yield over time could be attributed to such a complex reaction net-
work during the degradation of chitin. This ‘up-and-down’ feature of the target product
yield over time is common and has also been reported before [15,17,19]. The analogous
time-monitored NAG conversion study performed by Bobbink et al., also revealed a similar
‘up-and-down’ yield nature over time for the formation of N-acylethanolamine and other
products over Ru/C catalysts [17]. Therefore, our observation is not unique, and instead
supports existing hypotheses in this field. The overall reaction network is indeed complex,
sensitive to the applied reaction conditions and the existence of multiple parallel reaction
pathways leading to different products, which collectively could be responsible for such
‘up-and-down’ nature of the target product over time [15,17,19]. During the degradation
under hydrogen pressure, NAG initially undergoes a retro-aldol condensation reaction
to produce 2-acetamidoacetaldehyde and erythrose [15,39,40]; the former is then hydro-
genated to N-acetylethanolamine (I) over a Ni catalyst [41,42] (Pathway A in Scheme 1).
The formation of the product has also been confirmed by high-resolution mass spectrome-
try (Figure S3). However, we could not detect the erythritol product in our work by any
analytical/spectroscopic tool, which indicates the possibility of a secondary route during
the degradation of NAG. During our mass spectrometric analysis, several side products,
2-acetamido-2-deoxysorbitol (ADS) and polyols (II: butane-1,2,3-triol; III: butane-1,2-diol),
were also identified (see Figure S3) [15,19]. The formation of ADS indicated the direct
transformation of the NAG route (Pathway B in Scheme 1), followed by C-C bond cleavage
to give our desired product, N-acetylethanolamine (I). Simultaneously, the existence of
polyols indicates the dehydroxylation/ hydrodeoxygenation from ADS along with C-C
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cleavage, where both nickel and ceria were reported to have a promotional effect [43,44].
Among them, butane-1,2,3-triol (II) was identified by nmR as well (Figure 54). The lack of
identification of erythritol is not surprising because such sugar-based alcohol could undergo
hydrogenolysis under our reaction conditions to smaller molecular fragments, especially
over Ni-based catalytic materials [17,45-47]. Moreover, we performed a control reaction,
where we used erythritol directly as a substrate under our optimized reaction conditions,
which did not deliver any product, indicating that dehydroxylation/hydrodeoxygenation
seems feasible only from the ADS fragment under our reaction conditions. Therefore,
Pathway B might have a preference over Pathway A over Ni-based catalysts. It is worth
mentioning that both Ni and CeO, were collectively influential for catalysis, as no yield
was noted in the absence of a catalyst or solely using a CeO, support, while Ni on other
heterogenous supports led to a lower yield (Table S1).

NHAc

NHAc H
> 2
[Ni] i
OH  NHAc OH  NHAc \i ODH—B OH
Retro-aldol reaction /0 N-Acetylethanolamine
O NFHF — )
7 ————» HO
HO [Base] (,
OH 0} HO, o]
OH OH Pathway-A (sH/ / HO, OH
H
NAG ( . "
o INI Erythritol
Ni
NI | H, HO OH Hd o
Pathway-B ("'not detected!!)

OH OH

el on " o OH
HOAF\ i [N2] Hoﬁ b o \)\/OH
""" / NHAc n
OH (U} (my

i
NHAc OH
ADS

N-Acetylethanolamine

Scheme 1. Possible reaction pathways in the degradation of NAG over Ni/CeO, catalysts. Species
identified in blue were experimentally detected in this work.

In this work, shape/form-based reactivity differences have been demonstrated for the
valorization of chitin-derived molecules. For the sake of comparison, it is worth noting that
such shape-based reactivity of CeO, supports has previously been reported in different
heterogeneous catalysis reactions. For example, Yao et al., utilized three different mor-
phologies of CeO, (spheres, rods, and cubes) as supports for Cu to utilize them in catalytic
water-gas shift reactions [48]. Herein, the CuO/CeO; (spheres) catalyst was the most active
and stable among the three studied catalysts. The activity of CuO/CeO, (rods) was slightly
lower than that of CuO/CeO; (spheres), but with poor stability, whereas CuO/CeO, (cubes)
have poor activity and moderate stability. Next, Cao et al., explored CeO, cubes and rods
to demonstrate the form-dependent CeO, catalysis in the acetylene semi-hydrogenation
reaction, where the catalytic performance follows the order: rod-CeO;-500 °C >> cube-CeO,
> rod-CeO,-700 °C (cf. 500 °C/700 °C is annealing temperature) [49]. Similarly, Fan et al.,
synthesized 2 wt% Pd loaded over rod-CeO,, cube-CeO,, and polyhedron-CeO; for the
hydrogenation of CO to formate, where the following order was observed during the
catalysis: rods > cubes > polyhedral [50]. Then, Li et al., prepared CeO, with different
morphologies (nanorods, nanopolyhedra, and nanocubes) and then loaded WOj3 for the
NHj3-selective catalytic reduction reaction, where WO3/CeO; nanorods exhibited the best
catalytic performance [51]. It is clear that such shape-selective reactivity is typical for
different classes of heterogeneous catalysis reactions involving CeO, as a catalyst support.
However, there is no apparent preference for any particular shape to have superior reac-
tivity; instead, different forms or shapes deliver different reactivity in different reactions.
Hence, such shape-based reactivity possibly could be derived from the physicochemical
properties of the material during the catalysis. To rationalize our catalysis results, we refer
to the characterization sections. For example, the relatively lower first reduction tempera-
ture on Ni/CeO,(C) and Ni/CeO,(R) materials (Figure 2c) possibly signifies their higher
susceptibility to the hydrogenation reaction conditions compared to Ni/CeO,(P) material,
which also has been reflected in their catalytic performance. Similarly, oxygen vacancies
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on the catalyst surface and Ip/Ipyg values follow the order Ni/CeO,(P) > Ni/CeO»(R)
> Ni/CeO;(C) [32] and the BET surface area of standalone CeO, supports and their Ni-
impregnated material follows the order Ni/CeO;(R) ~ Ni/CeO,(P) > Ni/CeO,(C) (Table 1).
Therefore, this suggests that high susceptibility to reduction, lower oxygen vacancies, and
a lower surface area were the three most favorable factors for the Ni/CeO;(C) catalyst to
deliver relatively superior and stable catalytic performance.

3. Materials and Methods
3.1. Materials

All chemicals and materials were purchased in the highest purity grade available from
commercial suppliers and used without further purification: NAG (N-acetylglucosamine)
(Beat, Shanghai, China, 97%), NaOH (Sinopharm, Shanghai, China, 96%), Ce(NOs3)3-6H,0O
(Innochem, Beijing, China, 99.99%-Ce), Ni(NO3),-6H,O (Aladdin, Shanghai, China, 98%-
Ni), NaHCOj3; (Sinopharm, Shanghai, China, 99.5%), DO (Innochem, Beijing, China,
for nmR, 99.9 atom% D), N-Acetylethanolamine (Alfa Aesar, Shanghai, China, > 90%),
meso-erythritol (9 Ding Chemistry, Shanghai, China, 99%), maleic acid (Innochem, Beijing,
China, 99.99%), Ir/C catalyst (KaiDa, Shanxi, Ir weight content of 5.0%, purity > 99.9%),
Ru/C catalyst (KaiDa, Shanxi, China, Ru weight content of 5.0%), Pd/C catalyst (KaiDa,
Shanxi, Pd weight content of 10.0%), and Pt/C catalyst (KaiDa, Shanxi, China, Pt weight
content of 5.0%).

3.2. Synthesis of CeO, Supports

Three different forms of CeO, supports have been synthesized in this work: Ni/CeO,(R),
Ni/CeO,(P), and Ni/CeO,(C) represent that the CeO, support is rod-shaped, polyhedral,
and cubic, respectively. The CeO,(R), CeO,(P), and CeO,(C) supports were synthesized by a
hydrothermal method, analogous to literature reports [20,21]. Briefly, 0.868 g of Ce(NOs3)3-6H,O
and an appropriate amount of NaOH (0.016-0.96 g) were dissolved in 5 and 35 mL of deionized
water, respectively. Then, these two solutions were mixed in a Teflon bottle, and the resultant
mixture was stirred for around 30 min until the formation of a milky slurry. Then, the mixture-
containing Teflon bottle was inserted into a stainless-steel vessel autoclave, and the autoclave
was sealed tightly. Finally, the autoclave was transferred into a static electric oven, and was
subjected to hydrothermal treatment at temperatures in the range of 100-180 °C (see Table S3)
for 24 h. Afterward, a thorough workup was performed by centrifugation and washing several
times with deionized water and ethanol, until a neutral pH was achieved. Finally, the material
was dried at 60 °C overnight, which delivered a yellow powder of CeO,.

3.3. Synthesis of Ni/CeO, Catalysts

Ni/CeO, catalysts were prepared by the wet impregnation method [52]. Typically,
0.1781 g Ni(NO3),-6H,O was dissolved in 0.5 mL deionized water and then 0.3594 g CeO,
nanocrystals were added. The mixture was stirred for 6 h, then dried at 100 °C for 4 h,
and next calcined in a muffle oven (at 3 °C /min, 450 °C for 4 h). Finally, we placed itin a
tube furnace (10 vol.% Hj/Ar at 3 °C /min, 450 °C) for 4 h to obtain a brown powder of
Ni/CeO; catalyst.

3.4. Instrumentation and Characterization

The high-pressure batch reactors were purchased from (PARR Instrument Company,
St. Moline, IL, USA, 0.3 L). Gas chromatographic analyses were performed on SHIMADZU
GC-2014 gas chromatography instrument (Shimadzu Corp., Kyoto, Japan) with an FID
detector and biphenyl was added as an internal standard. GC-MS spectra were recorded
on a SHIMADZU GC MS-2010. 'H and '*C nmR data were recorded with Bruker Advance
III (400 MHz) spectrometers (Bruker, Karlsruhe, Germany) with maleic acid as an internal
standard for the quantification. All chemical shifts (5) are reported in ppm. All chemical
shifts are reported relative to tetramethylsilane or D,O peaks, where applicable. Powder X-
ray diffraction (XRD) analysis was performed on Bruker’s D8 ADVANCE X diffractometer



Catalysts 2022, 12, 460

11 0f 14

(Bruker, Karlsruhe, Germany) using a Cu K« radiation source (A = 0.154 nm). Diffraction
patterns were collected in the 20 range between 10° and 80° with a step size of 4° /min.
The lattice constant and average grain size of the catalyst were analyzed using JADE
software (MDI Jade 6, Materials Data Inc., Livermore, CA, USA) to analyze the recorded
data. HRTEM images were obtained using Tecnai G3 F30 S-TWIN (USA FEI Company,
Hillsboro, OR, USA). Sample preparation: Use a dropper to suck a small amount of solid
powder into a centrifuge tube, drop in ethanol for dispersion, sonicate for around 15 min,
and then disperse evenly; then, use a dropper to suck a small amount of dispersion
liquid and drop it on a 230-mesh ordinary carbon film. It can be air-dried. Take a shot.
Place the prepared carbon film on the double-tilted sample rod and insert it into the
transmission electron microscope. After the mechanical pump is vacuumed, insert the
sample and take a picture. Transmission electron microscope parameters: accelerating
voltage—300 kv. Turn on the filament, insert the camera to take a picture, and zoom in
to different magnifications to take a picture. EDS mapping: The goniometer is rotated
15°, and the designated area is selected for EDS mapping shooting; after switching to
STEM mode, the HAADF probe is inserted, the corresponding shooting position is found,
and the shooting is performed, and the corresponding image signal is collected after
the energy spectrum is scanned. The area of the single-point Brunauer-Emmett-Teller
(BET) curved catalyst is measured by nitrogen physical adsorption (ASAP 2460). Before
the measurement, the sample is degassed under vacuum at 200 °C for 4 h. Hydrogen
temperature program reduction (Hp-TPR) was performed using an AutoChem II 2920
chemical adsorption analyzer (Micromeritics, Norcross, GA, USA). Approximately 100 mg
of the powder sample was placed in a U-shaped quartz tube, and then a clean surface
was obtained with Ar at 110 °C for 1 h, and the sample was heated from 25 °C to 700 °C
at a heating rate of 10 °C/min. Pass 10 vol% Hj-90 vol% Ar gas mixture (50 mL/min)
through the sample tube. CuyO was used as a reference standard for calibrating the peak
area of the TPR curve. Based on the peak area of the calibrated TPR curve, quantitative
Hj was used to calculate the consumption of the catalyst. The Raman test of the catalyst
adopted the Raman spectrometer of Renishaw inVia Company (Gloucestershire, UK).
Use 532 nm and 325 nm lasers to measure at least 3 different places in each sample.
The electron paramagnetic resonance (EPR) of the catalyst was detected by an electron
paramagnetic resonance instrument ((Bruker, Karlsruhe, Germany, A300-10/12), and the
oxygen vacancy of the material can be detected at low temperatures. ICP-OES analysis
was performed on the Agilent ICPOES730 instrument (Santa Clara, CA, USA). Before the
test, the sample was dried to achieve constant weight, and then the accurately weighed
sample was subjected to the typical acid dissolution method to measure the content of Ni
and Ce in the sample. X-ray photoelectron spectroscopy (XPS) was performed using a non-
monochromatic Thermo ESCALAB 250Xi X spectrometer (Waltham, MA, USA) to generate
Al Ka radiation (hv = 1486.6 eV) (10 — 10 Torr) under ultra-high vacuum. The effect of
charging was corrected relative to the carbon peak C 1s (284.8 eV). The deconvolution of the
peak spectrum was performed by XPSPEAK41 software [26], using Gaussian-Lorentzian
linear and Shirley background subtraction.

3.5. Catalytic Tests

In a typical catalytic screening, NAG (66.1 mg, 0.3 mmol), the catalytic material (e.g.,
10 wt% Ni/CeO; catalyst, 15 mg), magnetic stirrer, NaHCOj3 (25.2 mg, 0.3 mmol), and
distilled water (5 mL) were taken together into a 20 mL glass reaction tube, and then
inserted into a high-pressure batch reactor. After the proper sealing of the batch reactor,
H, gas was flushed slowly 3 times to remove residual air from the inside of the reactor.
Next, the batch reactor was subjected to 4 MPa Hj, and heated to 393 K. The reaction was
carried out for an appropriate time, as mentioned while discussing catalytic results. After
the reaction, the autoclave (PARR Instrument Company, St. Moline, IL USA, 0.3 L) was
cooled to room temperature and the pressure was released slowly. Finally, the catalyst was
separated from the solution via centrifugation. Rotary evaporation of the solution at 60 °C
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was used to obtain the product, and the product was analyzed and/or quantified by nmR
(D70 as solvent), using maleic acid as an internal standard. The same post-reacted solution
was also analyzed by GC or MS for the mechanistic studies [15,53].

4. Conclusions

In summary, we have demonstrated the one-step catalytic valorization of chitin to N-
acylethanolamine over cheaper Ni/CeO,-based materials, which led to the higher reactivity
of this reaction. In addition, we also have explored the impact of the shape-based reactivity
of three different CeO, supports: cubic, rod, and polyhedral. Typically, all three catalysts
were active for this reaction, yet their efficiency and time-monitored profile differed due to
their inherent physicochemical differences. Herein, Ni on cubic-shaped CeO, delivered
relatively better and stable catalytic performance, whereas its rod-based counterpart was
not much behind either. The Ni/CeO,(C) catalyst had its best yield at a longer reaction
time (8 h), while Ni/CeO;(R) and Ni/CeO;(P) delivered comparable activities after 6 h.
Moreover, an interesting ‘up-and-down’ time-dependent catalysis profile was also noted
for all three catalytic systems, implying the complex nature of the reaction network, which
is also consistent with the prior literature status for this reaction. The catalysis aspect
of this work has been well integrated by the multimodal and complementary spectro-
scopic/analytical techniques, control experiments, and computational analysis. Therefore,
appropriate structure-property-reactivity relationships have been evaluated to rationalize
both the pros and cons of the different catalytic materials. This work demonstrates a
reliable and efficient way to valorize waste bio-based materials to value-added organic raw
material, strengthening the current initiatives on the circular carbon economy.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12050460/s1, Figure S1: HRTEM images of standalone (a)
Ce0,(C), (b) CeO,(P), and (c) CeO,(R) supports and TEM images of three catalysts: (d, g) Ni/CeO,(C),
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catalyst, 5 mL H,O solvent, 40 bar H, pressure, 120 °C temperature, 6 h reaction time). The crude
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and Ni/CeO,(C) catalytic materials; Figure S6: Geometrical structures of (a) CeO, (110) surface
and (b) Ni-assembled CeO, (110) surface. Electronic Localization Function of (a) CeO, (110) surface
and (b) Ni-assembled CeO; (110) surface. Atoms in green: Ce, red: O, gray: Ni. Table S1: The
catalytic screening: The comparison study; Table S2: The representative comparison of catalytic
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