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In this study, we investigated the glycerolysis of urea over various ZnMeO (Me = Co, Cr, and Fe) mixed oxide
catalysts. ZnMeO mixed oxide catalysts were prepared by a co-precipitation method for two Zn/Me ratios, re-
sulting in Zn-rich mixed oxide (Zn2MeO) and Zn-poor mixed oxide (ZnMe20). In the glycerolysis of urea, the
Zn2MeO catalysts exhibited higher glycerol conversion and glycerol carbonate yields than the ZnMe20 catalysts
due to the predominance of homogeneous catalysis through Zn isocyanate (NCO) complexes from the Zn2MeO
catalysts. Specifically, Zn2CrO was the best catalyst, with the highest yield of glycerol carbonate. Fourier

transform infrared (FT-IR) and thermogravimetric analysis (TGA) results of the spent catalysts clearly demon-
strated the dominant formation of a solid Zn NCO complex over the spent Zn2CrO catalyst, a unique feature
indicating that the better catalytic performance of Zn2CrO was due to the additional heterogeneous reaction
route through the solid Zn NCO complex.

1. Introduction

Because glycerol is a by-product of the biodiesel and biofuel man-
ufacturing industry which is considered as a solution for renewable
fuel, the crude glycerol production capacity has rapidly increased in
recent years [1]. The synthesis of glycerol carbonate (GC) has attracted
great attention as a useful route for chemically converting glycerol into
value-added products [2]. Among the various reaction pathways for
producing GC, the glycerolysis of urea (Scheme 1) is favorable because
urea is inexpensive, easily available, and recyclable from the reaction of
NH; and CO, [3-13].

Various Zn-based mixed oxide catalysts have been used for the
glycerolysis of urea [4-7,10,13,14]. Zn-based mixed oxide catalysts
follow a dual catalytic mechanism: a homogeneous reaction route
through dissolved Zn species and a heterogeneous reaction route over
solid active sites. In previous studies, it was found that ZnAl mixed
oxide catalysts exhibited better catalytic performance through the dual
mechanism than the ZnO catalyst. The catalytic performance is related
to not only the formation of Zn-containing intermediates during the
reaction but also the disordered structure of the ZnAl,O, spinel lattice
in ZnAl mixed oxide catalysts [5,10,14]. Zn-containing intermediates
are produced through Zn species dissolved from ZnAl mixed oxide
catalysts, following the homogeneous reaction route in the liquid phase.
The homogeneous reactivity is directly related to the amount of Zn
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species dissolved in the liquid phase from ZnAl mixed oxide catalysts.
Moreover, the disordered ZnAl,O4 spinel structure influences the cat-
alytic performance via the surface acidity of the catalysts and the for-
mation of a Zn-containing complex in the solid phase.

However, the investigation of dual catalysis over Zn-based mixed
oxide catalysts has not been extended to Zn-based mixed oxide catalysts
containing other metal components that are also favorable to the pre-
paration of Zn-based mixed oxide catalysts [12,15-18]. In this study,
we investigate the glycerolysis of urea over various ZnMeO (Me = Co,
Cr, and Fe) mixed oxide catalysts with two Zn/Me ratios: a high Zn ratio
(Zn2MeO) and a low Zn ratio (ZnMe20). The Zn-rich mixed oxide
catalysts (Zn2MeO) are expected to generate more Zn-containing in-
termediates in the liquid phase and follow both homogeneous and
heterogeneous reaction routes; in contrast, the Zn-poor mixed oxide
catalysts (ZnMe20) are expected to form a spinel lattice structure with
a lower level of dissolved Zn species in the liquid phase and follow a
heterogeneous reaction route.

2. Experimental
2.1. Catalyst preparation

The catalysts used in this study were prepared by a co-precipitation
method from metal nitrate salts [Zn(NO3),-6H,0, Cr(NO3)39H,0, Co
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Scheme 1. Glycerolysis of urea to produce GC and NHj.

(NO3)56H,0, and Fe(NO3)39H,0] [17,19,20]. All chemicals were ob-
tained from Sigma-Aldrich Korea (Gyounggi, South Korea). Typically,
an aqueous solution of Zn(NO3),6H,0 and nitrate salt of Me (Cr, Co, or
Fe) with a molar ratio of 1:2 for the ZnMe20 catalysts or 2:1 for the
Zn2MeO catalysts was gradually mixed with a basic solution of am-
monia under constant pH and vigorous stirring. For the preparation of
Zn2Co0 and ZnCo20, a hydrogen peroxide solution (H>O,) was con-
tinually added to the mixture to oxidize Co®* to Co®*. After complete
mixing, the suspension was filtered, and the remaining precipitate was
washed with deionized water several times. Finally, the solid powder
was dried at 100 °C overnight and calcined at 600 °C for 6 h.

2.2. Reaction tests

Here, 0.2 mol of glycerol was added to a 100-ml round-bottom re-
actor at 80 °C under stirring by a magnetic bar. The reactor was con-
nected to a vacuum pump through an HNOj solution trap (to remove
NHj3) and a cold trap (to protect the vacuum pump). Then, 0.2 mol of
urea was added to the reactor to mix with the glycerol in the solution.
When the dissolution was complete, the catalyst (5 wt% of the glycerol
mass) was added to the reactor. Reaction tests were carried out under
vacuum pressure (3 kPa) at 140 °C with constant stirring.

After the reaction tests, ethanol was added to the final products, and
the liquid products were separated from the spent catalyst by filtration.
The liquid products were quantitatively analyzed using a gas chroma-
tography apparatus (Acme 6100 GC, YL Instrument Co., Ltd., Dongan-
gu, Anyang, South Korea) with a flame ionization detector and a ca-
pillary column [DB-Wax (30m X 0.25mm X 0.25pum)]. The molar
amount of each component was calculated using an internal standard
method, with tetraethylene glycol as the internal standard chemical.
The glycerol conversion, GC selectivity, GC yield, and by-product se-
lectivity were calculated using the equations below.

Glycerol conversion (%)

_ Initial amount of glycerol— Residual amount of glycerol % 100

Initial amount of glycerol

GCyield (%) = — Amount of GC
Initial amount of glycerol
iel
GC selectivity (%) = GCyield (%) X 100

Glycerol conversion (%)

Byproduct (except ZnGly) selectivity (%)
_ Amount of byproduct
Initial amount of glycerol— Residual amount of glycerol

Fourier transform infrared (FTIR) spectra of the liquid products
were obtained using a Thermo Scientific™ Nicolet™ iS™5 FTIR spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA). The levels of
metal atoms (Zn, Co, Cr, and Fe) in the liquid phase were measured
using an Agilent Technologies 5110 inductively coupled plasma optical
emission spectrometer (ICP-OES, Agilent, Santa Clara, CA, USA).

2.3. Catalyst characterization

X-ray diffraction (XRD) patterns for fresh and spent catalysts were
obtained using a Rigaku RAD-3C diffractometer (Rigaku Corp., Tokyo,
Japan) with Cu Ka radiation (A = 1.5418 f\) at a scattering angle (26)
scan rate of 2°/min, operating at 35 kV and 20 mA. The spent catalysts
were analyzed by using a Thermo Scientific Nicolet iS5 FTIR spectro-
meter (Thermo Fisher Scientific, Waltham, MA, USA). The numbers of
acidic and basic sites were measured based on the temperature-pro-
grammed desorption of NH; and CO, (TPD- NH3/CO,) on a
MicrotracBEL BELCAT-M instrument (MicrotracBEL Corp., Osaka,
Japan). TPD- NH3/CO,, results were recorded for the temperature range
of 50-600 °C by a TCD detector. The detailed procedure for the TPD
analysis has been described elsewhere [5]. Thermogravimetric analysis
(TGA) of the spent catalysts was measured by a TGA Q50 apparatus (TA
Instruments, New Castle, DE, USA).

3. Results and discussion
3.1. Catalyst characterization: ZnO phase and ZnMe,0, spinel phase

Fig. 1 shows XRD patterns of the fresh catalysts. The Zn-rich cata-
lysts (Zn2MeO) are composed of two primary phases (ZnO and the
corresponding spinel ZnMe,O,4 phase) while only the spinel ZnMe,O4
phase was detected in the Zn-poor catalysts (ZnMe20). These crystal-
line phases can be readily identified in the XRD patterns of the fresh
catalysts (Fig. 1A). Typical XRD peaks for the ZnO phase with the P63mc
space group (JCPDS No. 36-1451) are observed at 31.8°, 34.4°, 36.3°,
47.5°,56.7°, and 62.9° in the XRD patterns of the Zn2CoO, Zn2FeO, and
Zn2CrO catalysts [14]. The spinel ZnCo,0, phase is detected in the XRD
patterns of the Zn2CoO and ZnCo20 catalysts, with characteristic XRD
peaks at 19.0°, 31.2°, 36.8°, 44.7°, 55.6°, 59.3°, and 65.1° (JCPDS No.
23-1390, Fd3m space group) [21]. Similarly, the XRD patterns of the
Zn2FeO and ZnFe20 catalysts exhibit the spinel ZnFe,O4 phase, with
typical peaks at 18.2°, 29.9°, 35.2°, 42.8°, 53.1°, 56.6°, and 62.2°
(JCPDS No. 82-1049, Fd3m space group) [22]. Characteristic XRD
peaks for the spinel ZnCr,0,4 phase (JCPDS No. 22-1107, Fd3m space
group) appear at 18.8°, 30.3°, 35.7°, 43.4°, 53.9°, 57.6°, and 63.1° in the
XRD patterns of the Zn2CrO and ZnCr20 catalysts [23]. The lattice
structure of all the ZnMe,O,4 phases belongs to the spinel group. Typi-
cally, in a normal spinel ZnMe,Oy lattice, the Zn®* cations occupy the
tetrahedral sites and Me®* cations occupy the octahedral sites. An
disordered property in the spinel structure can generate a partially in-
versed spinel structure where some Zn>* cations occupy the octahedral
sites and some Me* cations occupy the tetrahedral sites [24,25].

The XRD peaks corresponding to the (311) plane of the spinel
ZnMe,0O4 phases are enlarged in Figs. 1.B-D to compare the lattice
spacing between the Zn-rich Zn2MeO and Zn-poor ZnMe20O catalysts.
For the Zn2MeO catalysts, the position of the characteristic XRD peak
for the (311) plane is shifted to a lower 20 value with respect to the
positions for the ZnMe20 catalysts, indicating that the lattice spacing of
Zn2MeO is greater than that of ZnMe20. This peak position shift for the
Zn-rich Zn2MeO catalysts is caused by the interaction between the ZnO
and spinel ZnMe,O, phases in the Zn-rich mixed oxide of Zn/Me
(Zn2MeO catalysts in this study), where the excess Zn (of ZnO phase)



H. Nguyen-Phu, et al.

Catalysis Today xxx (XXXX) XXX-XXX

3 B)
8

g \
g Zn2Co0
o ZnCo20
c e R

36. 36.8 37.2

20 (deg.)

Intensity (a.u.)

b)

C)

* ZnO phase (JCPDS No. 36-1451)

||+ ZnFe,0, phase (JCPDS No. 821-049)

0 ZnCo,0, phase (JCPDS No. 231-390)

Intensity (a.u.)
5
@
N
o

I 60
20 (deg.)

V ZnCr,0, phase (JCPDS No. 22-1107)
‘ 20 (deg.)
~—~|Zn2Cr \
3. \\
\(_“4 \
2
‘@ znCr2
L
£ L L s 1
80 100 35.2 35.6 36.0
20 (deg.)

Fig. 1. A) XRD patterns of fresh catalysts. a) Zn2CoO, b) Zn2FeO, c) Zn2CrO, d) ZnCo20, e) ZnFe20, and f) ZnCr20. B, C, D) Enlarged XRD regions of the (311) peak
(spinel phase ZnMe,0,) for the Zn-rich Zn2MeO catalyst and corresponding Zn-poor ZnMe20 catalyst.

can generate a layer of amorphous ZnO on the surface of the spinel
ZnMe,0O,4 phase. The excess Zn cations in the ZnO phase can migrate
into the lattice of the spinel phase to produce a non-stoichiometric
spinel phase (Zn/Me ratio > 0.5), implying more Zn amount in the
spinel structure [5,17,26]. In detail, the excessive Zn2?" cations can
replace the Me®" cations in the octahedral sites of the spinel lattice
structure. The Zn migration and substitution cause a distortion in the
spinel lattice structure, with consequent changes in the interplanar
lattice spacing of the spinel phase due to the different cation radii. For
the octahedral sites, the cation radii of the metal cations can be esti-
mated as 88 pm for Zn>*, 68.5pm for Co®>*, 78.5pm for Fe**, and
75.5pm for Cr®* [27]. The radius of the Zn>* cation is much larger
than the radii of the other Me®* cations. Therefore, the migration of
Zn?" to the octahedral sites of the spinel ZnMe,O, lattice structure can
expand the lattice spacing of the spinel structure, with a shift in the
corresponding XRD peak position to a lower value [17,26,28]. In
summary, the XRD peak shift of the (311) plane indicates an interaction
between the ZnO and ZnMe,0,4 phases in the Zn-rich Zn2MeO catalysts.

FTIR spectra of the fresh catalysts are displayed in Fig. 2. Two vi-
bration bands (1, and v,) of MO— bonds, related to the metal cations at

% Transmittance
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Fig. 2. FTIR spectra of fresh catalysts: a) Zn2CoO, b) ZnCo020, c¢) Zn2FeO, d)
ZnFe20, e) Zn2CrO, and f) ZnCr20.

the octahedral sites of the spinel ZnMe,O, lattice, are observed in the
FTIR spectra of both Zn2MeO and ZnMe20 in the range of
552-690 cm ™! (v7) and 425-582cm ™! (vy) [15,29]. Because the ma-
jority of the octahedral sites in a normal spinel lattice structure are
occupied by trivalent Me®* cations [24], the positions of vy and v may
change depending on the nature of Me>" cations. For the Zn2CoO and
ZnCoO2 catalysts (Figs. 2a and b), the v; and v modes of the spinel
ZnCo,0, lattice are found at 676 and 590 cm™*, respectively. For the
Zn2CrO and ZnCr20 catalysts, two bands of the spinel ZnCr,0, lattice
appear at 623 and 505cm ™' (Figs. 2e and f). However, due to the
limitation of our FTIR instrument for measurements below 400 cm ™},
the FTIR spectra of the Zn2FeO and ZnFe2O0 catalysts only show the full
band of v, vibration of the spinel ZnFe,0, lattice at 544 cm ~ ! (Figs. 2¢
and d). Beside the vibration modes v; and v» of the spinel phase, vi-
bration of the ZnO lattice is detected at 434 cm™ in the FTIR spectra of
all of the Zn-rich catalysts (Zn2MeO) [30], providing further evidence
for the occurrence of the ZnO phase in these fresh catalysts. Therefore,
the FTIR results are consistent with the XRD data. The Zn-poor ZnMe20
catalysts are composed of the pure spinel ZnMe,O, phase, whereas both
the ZnMe,O4 and ZnO phases are dominant in the Zn-rich Zn2MeO
catalysts.

To investigate the chemisorption properties (acidity and basicity) of
these fresh catalysts, we determined the number of surface acidic sites
and surface basic sites using the TPD- NH3 and TPD —CO, methods,
respectively. TPD- NH3 and TPD—CO, profiles of the catalysts are
plotted in Figs. S1 and S2 (see Supplementary Data), and the total
numbers of acidic and basic sites are summarized in Table 1. Among the
Zn-rich Zn2MeO catalysts, Zn2CrO has the greatest number of both
acidic sites (0.186 mmol/g) and basic sites (0.157 mmol/g), and the
numbers of acidic and basic sites follow the same trend: Zn2CrO >
Zn2CoO > Zn2FeO. For the Zn-poor ZnMe20 catalysts, the numbers

Table 1
Acidity and basicity of fresh catalysts.

Sample Acidic Sites (mmol NHj3 /gcar.) Basic Sites (mmol CO2/gcar)
Zn2Co0O 0.144 0.113
Zn2FeO 0.081 0.066
Zn2CrO 0.186 0.157
ZnCo20 0.202 0.082
ZnFe20 0.225 0.084
ZnCr20 0.259 0.140
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Analysis of liquid products obtained from the glycerolysis of urea over various ZnMe (Me = Co, Cr, and Fe) mixed oxide catalysts at various reaction times. (Reaction
temperature = 140 °C, reaction pressure = 3kPa, glycerol/urea ratio = 1:1). (2): 2,3-dihydroxypropyl carbamate, (4): 4-(hydroxymethyl)oxazolidin-2-one, and (5):

(2-ox0-1,3-dioxolan-4-yl)methyl carbamate.

Sample Reaction time (h) Glycerol conv. (%) GC yield (%) Selectivity (%) Metallic content in liquid phase (mmol)*
GC ) @ (5) Co Fe Cr Zn

Zn2Co0O 1 50 34 67 24 7 2 - - - 1.50

3 74 52 71 9 7 14 - - - 0.66
Zn2FeO 1 57 41 72 17 10 1 - - - 1.43

3 74 52 70 7 15 8 - - - 0.75
Zn2CrO 1 50 38 75 16 7 1 - - 0.02 2.07

3 76 57 74 5 13 8 - - - 0.99
ZnCo20 3 50 29 57 28 10 4 0.09 - - 0.38

5 63 40 63 17 6 13 0.13 - - 0.41
ZnFe20 3 34 18 53 32 11 4 - - - -

5 47 27 57 20 8 15 - - - -
ZnCr20 3 37 21 56 32 7 4 - - 0.02 -

5 53 33 62 21 4 13 - - 0.03 -

2 Amounts of metals dissolved in the liquid phase as measured by the ICP-OES method.

of both acidic and basic sites follow the order of ZnCr20 >
ZnFe20 > ZnCo20, and the highest values (acidic site
amount = 0.259 mmol/g, and basic site amount = 0.140 mmol/g) are
observed for ZnCr2O0. In the literature, high amounts of acidic and basic
sites in ZnO/ZnAl,04 mixed oxides are attributed to the disordered
structure of a partially inversed spinel lattice prepared by the poly-
styrene-template method [10,14] or citrate complex method [5]. In this
study, all catalysts were prepared by the co-precipitation method,
where the structure of the prepared spinel phase is less disordered. As a
result, the amounts of acidic and basic sites are lower than those of
catalysts prepared by other methods. The TPD profiles were deconvo-
luted to check the relative distributions of acidic sites and basic sites for
each catalyst (Figs. S1 and S2, see the Supplementary Data). The
strength of deconvoluted acidic and basic sites can be classified as
follows: weak strength sites (< 300°C), medium strength sites
(300-550°C) and strong strength sites (> 550 °C) [31-33]. The dis-
tributions of individual acidic and basic sites on each fresh catalyst are
summarized in Table S1 (see the Supplementary Data).

3.2. Glycerolysis of urea over various ZnMeO catalysts: the formation of Zn
isocyanate complex in the liquid phase and on the solid catalysts

The reaction results for the glycerolysis of urea over various ZnMe
mixed oxide catalysts are summarized in Table 2. The Zn-rich Zn2MeO
catalysts were tested at reaction times of 1 and 3 h while the Zn-poor
ZnMe20 catalysts were investigated at longer reaction times (3 and 5 h)
since the ZnMe2O catalysts exhibit lower catalytic reaction rates than
the Zn2MeO catalysts. The relationship between the glycerol conver-
sion and GC yield for each catalyst is depicted in Fig. 3. Clearly, the data
for the Zn2MeO catalysts correspond to higher positions with a higher
glycerol conversion compared to the results for the ZnMe20 catalysts.
In Fig. 3, data points at a higher position indicate that a higher GC yield
or selectivity can be achieved at a given glycerol conversion. For all of
the Zn2MeO catalysts, the highest glycerol conversion and GC yield
(glycerol conversion = 76%, GC yield = 57%) was observed for
Zn2CrO at a reaction time of 3 h; meanwhile, the results for the Zn2CoO
and Zn2FeO catalysts are similar, with glycerol conversion = 74% and
GCyield = 52% at a reaction time of 3 h. Among the ZnMe20O catalysts,
the glycerol conversion and GC yield follow the order of ZnFe20 <
ZnCr20 < ZnCo20; the best reaction performance was observed for
the ZnCr20 catalyst at a reaction time of 5h, with glycerol conver-
sion = 63% and GC yield = 40%.

According to Fujita et al. [13] and Turney et al. [9], in the glycer-
olysis of urea over Zn-containing catalysts, Zn atoms can leach from the
ZnO phase into the liquid phase through a reaction with urea to

50l | —®4n2Co0
—*—Zn2FeO
—A—7n2CrO
—v—2ZnCo20
§40 | | —>—2ZnFe20 =
g —o—2ZnCr20
o
>..
O
O30 |
20 |-
" 1 1 1 1
30 40 70 80

50 60
Glycerol Conv. (%)

Fig. 3. Relationship between glycerol conversion (%) and GC yield (%) in the
glycerolysis of urea over various ZnMe (Me = Co, Cr, and Fe) mixed oxide
catalysts.

generate an isocyanate (NCO) complex of Zn, which is an active site for
the reaction. This phenomenon was also confirmed in our previous
studies [5,10,14]. Furthermore, we found that the NCO complexes ad-
sorbed on the surface acidic sites of the catalyst (ZnAl,0,4 phase) act as
additional active sites to catalyze the reaction. For this reason, we
measured the metal cation levels using an ICP-OES instrument (Table 2)
and collected FTIR spectra of both the liquid products (Fig. 4) and the
spent catalysts (Fig. 5) to identify the existence of an NCO functional
vibration.

The ICP results in Table 2 show that Zn atoms are detected in the
liquid products for all of the Zn-rich Zn2MeO catalysts. After a reaction
time of 1h, high levels of Zn are detected: 2.07 mmol for Zn2CrO,
1.50 mmol for Zn2CoO, and 1.43 mmol for Zn2FeO. After a reaction
time of 3 h, the level of Zn in the liquid phase for the Zn-rich Zn2MeO
catalysts is lower, resulting from the formation of zinc glycerolate.
However, no Fe or Co atoms are detected in the liquid phases of the
Zn2CoO or Zn2FeO catalysts. Moreover, a negligible amount of Cr
(0.02 mmol) is observed in the liquid product of the Zn2CrO catalyst
after a reaction time of 1 h. The level of Cr in the liquid is 100-fold times
smaller than the corresponding level of Zn (2.07 mmol) in the liquid
and falls to zero after a reaction time of 3h. The FTIR spectra of the
liquid products obtained from the Zn2MeO catalysts (Fig. 4A) are in
good agreement with the ICP results. The peak at 2210 cm ™! can be



H. Nguyen-Phu, et al.

2210 cm™

% Transmittance

1 1 1 1 1

4000 3500 3000 2500 2000 1 1500 1000 500
Wavenumber (cm™)

B)

2210 cm’

% Transmittance

Il
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 4. FTIR spectra of liquid products obtained from the glycerolysis of urea
over different catalysts at various reaction times. A): a) Zn2CoO-1h, b)
Zn2Co0-3 h, ¢) Zn2FeO-1 h, d) Zn2FeO-3 h, e) Zn2CrO-1 h, and f) Zn2CrO-3 h.
B): a) ZnCo20-3 h, b) ZnCo20-5h, ¢) ZnFe20-3 h, d) ZnFe20-5h, €) ZnCr20-
3h, and f) ZnCr20-5h.

assigned to the NCO vibration [13,34]. The intensities of the NCO peaks
in Fig. 4A follow the same trend as the amount of Zn in the liquid
products for the Zn2MeO catalysts. A peak at 2210cm ™" is clearly
present in the FTIR spectra after a reaction time of 1h and almost
disappears after a reaction time of 3 h. Therefore, we can conclude that
for the Zn2MeO catalysts, the Zn NCO complex exists in the liquid
phase for at least 1 h of reaction time.

Fig. 5A displays the FTIR spectra of the spent Zn2MeO catalysts. All
of the typical FTIR peaks of M-O bonding in the spinel ZnMe,O, lattice
are detected in the range of 400-680 cm ~!. However, the typical peak
of Zn-O bonding in the ZnO lattice almost disappears due to the Zn
dissolution. Additionally, characteristic peaks for zinc glycerolate ap-
pear at 1950 cm ™! (G-O stretching modes with oxygen in hydrogen
bonding), 655cm™~ ', and 514cm™' (Zn-O stretching mode) [35],
confirming the formation of zinc glycerolate. Interestingly, the vibra-
tion peak of an NCO functional group is detected only in the FTIR
spectrum of the spent ZnCr20 catalyst at 2220 cm ™', which is assigned
to the NCO complex adsorbed on the solid surface. These results are
consistent with our previous reports on the reaction over ZnO/ZnAl,04
mixed oxides [5,10,14]. Zn atoms from the ZnO phase can dissolve and
react with urea to produce a Zn NCO complex in the liquid phase,
providing an active site for a homogeneous reaction route in the gly-
cerolysis of urea. Furthermore, the Zn NCO complex can be adsorbed on
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Fig. 5. FTIR spectra of spent catalysts. A): a) Zn2CoO-1 h-spent, b) Zn2Co0O-3 h-
spent, ¢) Zn2FeO-1 h-spent, d) Zn2FeO-3 h-spent, e) Zn2CrO-1 h-spent, and f)
Zn2CrO-3 h-spent. B): a) ZnCo20-3 h-spent, b) ZnCo20-5 h-spent, c¢) ZnFe20-
3 h-spent, d) ZnFe20-5 h-spent, e) ZnCr20-3 h-spent, and f) ZnCr20-5 h-spent.

the surface acidic sites of the catalyst to form a Zn NCO complex on the
surface, which generates another heterogeneous reaction route for the
glycerolysis of urea. This interpretation explains the reaction behavior
of the Zn-rich Zn2MeO catalysts (ZnO/ZnMe,O4 mixed oxide). The
existence of a Zn NCO complex in the liquid phase for all Zn2MeO
catalysts leads to a homogeneous reaction in the liquid phase. In con-
trast, an additional heterogeneous reaction occurs only over Zn2CrO via
the formation of the Zn NCO complex on the solid because the acidity of
Zn2CrO is higher than that of the other Zn2MeO catalysts (Table 1), and
a high surface acidity is necessary for adsorption of the Zn NCO com-
plex on the catalyst surface.

The FTIR spectra of the liquid products from the Zn-poor catalysts
(ZnMe20) are displayed in Fig. 4B. A vibration band for the NCO
functional group at 2210 cm ™! is detected only for the ZnCo20 catalyst
after reaction times of 3 and 5 h. Meanwhile, there is no evidence of an
NCO functional group in the FTIR spectra of the liquid products from
the ZnFe20 and ZnCr20 catalysts. The ICP results in Table 2 reveal an
interesting appearance of both Zn and Co atoms in the liquid phase of
ZnCo20. While the Zn level in the liquid phase of the Zn2MeO catalysts
decreases for longer reaction times, the levels of Zn and Co in the liquid
phase of the ZnCo20 catalyst increase slightly with increasing reaction
time. In detail, after a reaction time of 3 h, the levels of Zn and Co in the
liquid phase of ZnCo20 are 0.09 and 0.38 mmol, respectively, and in-
crease to 0.13 and 0.41 mmol for a 5h reaction time, respectively. In
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the liquid phase of the ZnFe2O catalyst, there is no evidence of Zn or Fe
atoms in the ICP measurements. For the ZnCr20 catalyst, only a trace
level of Cr atoms is measured in the liquid phase (0.02 mmol at 3 h and
0.03 mmol at 5h).

Based on the ICP and FTIR results for the liquid products, the
ZnFe20 catalyst does not induce the generation of an NCO complex in
the liquid phase. In contrast, for the ZnCo20 catalyst, both NCO func-
tional groups and Zn/Co atoms are present in the liquid phase, implying
NCO complexes of Co and Zn in the liquid phase. In previous works,
NCO complexes of Co®>* and Co®* have been reported as intermediates
of the reduction reaction [36,37] or glycerolysis reaction [9]. Herein,
the Co NCO complex can form in the liquid phase in the case of the
ZnCo20 catalyst but not in the case of the Zn2CoO catalyst because no
Co atoms are found in the liquid phase of the Zn2CoO catalyst due to
the difference in the structures of ZnCo20 and Zn2CoO. As previously
mentioned, the ZnCo20 catalyst is composed of a pure normal spinel
phase of ZnCo,0, with a predominance of Co®* cations on the outset
surface layer. According to the model by Wachs and Routray [38], other
layers of Co®>* and Zn®" cations can be found below the outset surface
layer. In the reaction process over ZnCo20, the outer layer of Co®™*
cations can react with urea and dissolve to the liquid phase, resulting in
the further dissolution of Co®* and Zn®* cations in the lower layers.
This process renders the ZnCo20 catalyst unstable and causes Zn (or
Co) NCO complex to appear in the liquid phase. In contrast, the
structure of the Zn2CoO catalyst includes an amorphous layer of ZnO
above the spinel phase of ZnCo,04, which can prevent the Co®>* cations
from leaching into the liquid phase.

The FTIR spectra of the spent Zn-poor ZnMe20 catalysts are dis-
played in Fig. 5B. For all three catalysts, the typical vibration peaks of
M-O bonding in the spinel ZnMe,O, are unaltered compared to those of
the fresh catalysts (even for spent ZnCo20, where 7Zn?* and Co®™" ca-
tions are dissolved in the liquid phase). However, in the FTIR spectra of
spent Zn2CoO, a small additional vibration band for the NCO functional
group is observed at 2192 cm ™, which is redshifted in comparison to
the vibration for the spent Zn2MeO catalysts (2220 cm ™ b, Turney et al.
[9] found that the FTIR vibration of NCO functional groups related to
the Co NCO complex occurred at a lower position compared to that of
the NCO functional group related to the Zn NCO complex. Because the
NCO functional group of the spent ZnCo20 catalyst is related to the
NCO complexes of both Zn and Co, its vibrational wavenumber is lower
than that of Zn2MeO (NCO functional group of only the Zn NCO
complex). In the FTIR spectrum of the spent ZnCr20 catalyst, a small
additional vibration band for the NCO functional group appears at
2211 cm ™!, which may be associated with a Cr NCO complex. A reac-
tion between Cr®* and urea to generate an insoluble Cr NCO complex
has been previously reported [39,40].

The XRD patterns of the spent catalysts after a reaction time of 3h
are displayed in Fig. 6. For the spent Zn-rich Zn2MeO catalysts, the
characteristic peaks for the ZnO phase almost disappear while the peaks
for the spinel phase ZnMe,O,4 remain unchanged. Moreover, typical
peaks for the zinc glycerolate phase (JCPDS No. 23-1975, P2;/c space
group) are clearly detected in the XRD patterns of the spent Zn2MeO
catalysts at 10.9°, 17.1°, 20.5°, 23.8°, 24.7°, 27.6°, 27.7°, 36.4°, and
38.2° [41]. Conversely, the XRD patterns of the spent Zn-poor ZnMe20
catalysts are almost identical to those of the fresh ZnMe20 catalysts;
only typical peaks for the spinel phase ZnMe,O, are detected, without
any other phases. The XRD results of the spent catalysts are in good
agreement with the FTIR results. That is, the ZnO phase of the Zn2MeO
catalysts disappears with the additional formation of the zinc glycer-
olate phase after the reaction, whereas the spinel ZnMe,O,4 phase of the
ZnMe20 catalysts remains unchanged. For the spent ZnCo20 catalyst,
metal glycerolate is not found due to the different oxidation states of
the Co cations: Co®* cations in the ZnMe,O, lattice and Co NCO
complex and Co>* cations in cobalt glycerolate [42,43].
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Fig. 6. XRD patterns of spent catalysts: a) Zn2CoO-3 h-spent, b) Zn2FeO-3 h-

spent, ¢) Zn2CrO-3 h-spent, d) ZnCo20-3 h-spent, e) ZnFe20-3 h-spent, and f)
ZnCr20-3 h-spent.

Based on the TGA analysis, DTGA profiles of the spent catalysts are
plotted in Fig. S3 (see Supplementary Data). The DTGA results for the
spent catalysts match the XRD and FTIR results. Decomposition peaks of
zinc glycerolate are observed in the range of 350-400 °C for the spent
Zn2MeO catalysts [44], and decomposition peaks of metal NCO com-
plex in the range of 200-350 °C are detected for the spent Zn2CrO,
ZnCr20, and ZnCo20 catalysts [5].

3.3. Catalytic reaction routes through different NCO complexes

We can summarize the catalytic performance of the various ZnMe
mixed oxide catalysts in the glycerolysis of urea in terms of the for-
mation of the NCO complex. Different types of NCO complexes are
detected in the liquid phase and on the solid surface of the catalysts,
except for the ZnFe20 catalyst, for which no NCO complex is formed
because no metal cations dissolve from the catalyst. In the reaction over
the ZnCr20 catalyst, there is a small amount of Cr NCO complex on the
solid phase. For the ZnCo20 catalyst, NCO complexes of Zn and Co are
found in the liquid phase, with a low amount of complexes on the solid
surface of the spent catalyst. In contrast, for all of the Zn-rich catalysts,
a high level of Zn NCO complexes is clearly detected in the liquid phase
for a reaction time of 1 h, indicating Zn dissolution from the ZnO phase
in the Zn2FeO, Zn2Co0, and Zn2CrO catalysts. Interestingly, a higher
level of Zn NCO complexes is observed on the solid surface only for the
Zn2CrO catalyst, due to its higher surface acidity/basicity and the oc-
currence of ZnO phases.

Based on the reaction mechanism of urea glycerolysis, which has
been described elsewhere [5,10,14], we illustrate three primary cata-
lytic reaction routes (r;, rs, and r3) in Scheme 2.

i) r; is a heterogeneous reaction route via the adsorption of glycerol
and urea on the surface acidic and basic sites of the catalysts [4].
This reaction is the slowest reaction route, resulting in the lowest
catalytic performance.

adsorbed glycerol + adsorbed urea — GC (r;)

i) r» is a homogeneous reaction route via NCO complexes of Zn or Co in
the liquid phase [5,13]. This homogenous reaction occurs more
rapidly than r;; however, the formation of zinc glycerolate as a by-
product from the reaction between the Zn NCO complex and
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rq: heterogeneous reaction route via adsorbed glycerol
and urea on the catalyst surfaces (not displayed)

ro: homogeneous reaction route via NCO complex of
Zn, Co in the liquid phase

r3: heterogeneous reaction route via NCO complex
on the catalyst surfaces
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Scheme 2. Catalytic reaction routes for urea glycerolysis over various ZnMe (Me = Co, Cr, and Fe) mixed oxide catalysts.

glycerol in the liquid phase reduces the number of Zn NCO active
sites and the GC selectivity.

Me NCO complex (liquid) + glycerol — GC (r»)
Zn NCO complex (liquid) + glycerol — zinc glycerolate

i

(=)

r3 is another heterogeneous reaction route via NCO complexes ad-
sorbed on the surface acidic sites of the catalysts [5,14]. This reac-
tion route can enhance the catalytic reaction performance because
there is no formation of zinc glycerolate.

Me NCO complex (solid) + glycerol — GC (r3)

The reaction performance of the catalysts can be evaluated on the
basis of GC yields, which follow the order of
ZnFe20 < ZnCr20 < ZnCo20 < Zn2FeO < Zn2CoO < Zn2CrO in
this study. Depending on the NCO complex, different catalytic reaction
routes occur for each catalyst. Scheme 2 presents the performance of
the catalysts in terms of the catalytic reaction routes (r;, 1o, and r3) as
follows:

- ZnFe20 (glycerol conversion
only.

ZnCr20 (glycerol conversion
route) + r3 (minor route).
ZnCo20 (glycerol conversion
route) + r, + r3 (minor route).

Zn2FeO and Zn2CrO (glycerol conversion = 74%, GC yield = 52%):
r; (minor route) + r, (main route).

Zn2CrO (glycerol conversion = 76%, GC yield = 57%): r; (minor
route) + r, (main route) + rs.

34%, GC yield = 18%): r; route

37%, GC yield = 21%): r; (main

50%, GC yield = 28%): r; (main

Conclusion

Various Zn-containing mixed oxide catalysts with different sec-
ondary metals (Me = Cr, Co, Fe) were successfully prepared by the co-
precipitation method with two Zn/Me ratios, resulting in Zn-rich and
Zn-poor catalysts. Depending on the Zn content and the nature of the
metal ions, the structures of the Zn-containing phases differed, resulting
in various types of NCO complexes in the liquid phase and on the solid
surface. The formation of the NCO complex strongly influenced the

catalytic route in urea glycerolysis. The Zn2CrO catalyst achieved the
best catalytic reaction performance because of the high level of NCO
complex in the liquid phase and the unique formation of the adsorbed
NCO complex due to the high surface acidity.
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