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Halogen anions modified Zn/AlLa mixed metal oxides derived form calcination
of hydrotalcites shows high catalytic activities for the synthesis of glycerol
carbonate form glycerol and CO,.
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The halogen anions enter hydrotalcites follow thguence of B> CI > Br.
The basicity decreases with the change of theysasatomposition.
The binding energies of Zn Zpincrease with the introduction of halogen anions.

The catalytic activity improves by the introductiohhalogen anions.



Abstract :
Halogen anions (FCI and Bi) modified Zn-Al-La (Zn/Al/La=4:1:1) mixed oxides

derived from calcination of re-constructed hydroittak were prepared and their
catalytic activities for the synthesis of glycecakbonate (GC) form glycerol and €O
were investigated. The re-formed hydrotalcites witle introduction of halogen
anions formed more thin plates which improved thecdic surface area that lead to
more exposured active sites. The binding energiegno2ps, increased with the
introduction of halogen anions while the basicigcekased with the change of the
catalysts’ composition. The halogen anions entengdrotalcites followed the
sequence of: > CI > Br. The halogen anions modified catalysts showed high
catalytic activities toward the reaction. The imgd catalytic activities were
suggested to be closely associated with the steigtitoperties, such as large specific
surface area, high surface content of Zn atomsehniginding energy of Zn 2p and
high dispersion of metal oxides, which could previtiore “accessible” active sites
for the reaction. In addition, the changing of lggio anions may also had some
influence on the catalytic activity; the introdusctiof CI' had more advantageous for

the reaction.

Key words: Glycerol carbonylation; GO ZnAlLa; Halogen anions modified

hydrotalcites



1. Introduction

Biodiesel, a renewable clean fuel, has receivedhnatiention and as a result, its
production increases greatly in recent years[1)weieer, a large amount of glycerol,
byproduct of biodiesel production, has been produhgring the last decade. Excess
market-supply of glycerol is not favorable for thevelopment of biodiesel industry[1,
2]. Consequently, new applications for glycerol chée be developed and/or the
existing routes need to be expanded. Glycerol ceateo(GC) can be used as a novel
component for gas separation membranes, polyuretttams and surfactant as well
as the component in coatings, paints and detergemts[3, 4]. Therefore, the
synthesis of glycerol carbonate from glycerol beesmwery meaningful.

At present, the main methods for the synthesis @ff@&m glycerol include the
transesterification of glycerol with carbonatestboaylation of glycerol with urea,
direct carbonation of glycerol with GO as well as the reaction of glycerol
halo-derivatives with alkaline (hydrogen) carbosfe5]. Transesterification process
involves the feed of dimethyl, diethyl or propyleoarbonate[6-9], which suffered
from the economic disadvantage when compared wih as feed. Although many
heterogeneous catalysts showed good catalyticitgdior GC synthesis from glycerol
and urea[9-12], the reaction of glycerol with ureast be conducted at the pressure
below 20-30 mbar in order to remove the formed amemo Moreover, the
purification process is also complicated[13].

Compared with the above-mentioned synthesis rotitesdirect carbonation of
glycerol with CQ is a green process that would convert two cheagnmaés into a
valuable product with water as by-product. Howevegst of catalysts such as
zeolites, basic ion-exchange resins, tin complexsa}-Al,0; and Ce®@Nb,Os
showed low catalytic activities even under high sptge because of the
thermodynamic limitation[14-18]. Therefore, acetdl@ was introduced as coupling
agent in the process to obtain enhanced resulisfri] the catalytic systems of
ZnO-La0,CO; and Cu/La0Os; oxides showed enhanced catalytic activities[2(, 21

Although many research works were reported, theldgment of more efficient solid



catalysts is still a challenge.

It is reported that the mixed metal oxides, deriviedm calcinations of
hydrotalcite-like compounds (HTlcs) - M3 (OH),**(A™)yn-yH0), possess
homogeneous dispersion offand M* with an atomic level, high specific surface
area and strongly basic properties. In additioig-base properties of the catalysts
can be modified by changing cations in the lay#n® compensating anions or
activation method[22]. As a result, the mixed metdaties obtained from calcinations
of hydrotalcites have been studied for various lgatareactions including the
synthesis of GC by transesterification or carbamytawith urea[6, 9, 23-25].

In our previous research, the effect of Zn:La atomatios and calcination
temperatures on the activity of glycerol carborstathesis were investigated [20].
Therefore, in order to further improve the catalyterformance, the Zn-La containing
hydrotalcites (Zn/Al/La=4:1:1) were prepared ansted for the reaction. In addition,
for exploration the influence of introduction offfdrent compensating anions on the
physico-chemical and catalytic properties, a seoiekalogen (F, Cl, Br) modified
Zn-Al-La (Zn/Al/lLa=4:1:1) mixed oxides derived fropalcinations of re-constructed
hydrocalcite compounds were prepared and charaeteby XRD, FTIR, TG, BET,
XPS, CQ-TPD. The catalytic activities for the synthesis@€ form glycerol and
CO, were investigated for the first time. The influenof the halogen anions on
physicochemical properties, and the relationshigvéen the catalytic activities and

physicochemical properties were discussed.

2. Experimental

2.1. Catalyst preparation

La modified Zn-Al hydrotalcite with the atomic ratof Zn:Al:La = 4:1:1 were
synthesized by co-precipitation method. Typicalyp aqueous solutions, a solution
of Zn (1), Al (lll), La (Ill) nitrates and a mixedolution of NaOH and N&Os;
precipitant,were added dropwise to 100 mL of deionized watedeurvigorous
stirring with a constant pH of 10. The resultingrsy was aged at 68C for 15 h
under stirring and then filtered and washed witlowieed water. The obtained solid
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were dried at 80C overnight to yield the synthesized hydrotalcider(oted as HT)
and then calcined in air by heating &®min* up to 450°C over 5 h under a flowing
stream of pure nitrogen to obtain the correspondingd oxides (HT-450).

The halogen-containing Zn-Al-La hydrotalcites (HT-X= F, CI, Br) were
prepared using the “memory effect” according twetliterature[26]. Typically, the
as-prepared HT-450 (1.0 g) were treated separaféhyan aqueous solution of NH
(0.1 mol/L, 150 mL) under Natmosphere with stirring at room temperature ®h4
and the pH values of all solutions were adjuste®.tb by addition of appropriate
amounts of NEHOH. Then the resulting products were filtered, vesklextensively
with deionized water and dried at 80. The obtained HT-Xs were further calcined at
500 °C for 5 h under a flowing stream of pure nitroger ahey were denoted as
CHT-X. For comparison, Zn-Al-La hydrotalcite wasalcalcined at 508C and the

obtained mixed oxide was denoted as CHT.
2.2. Characterization of Catalysts

X-ray diffraction (XRD) patterns were recorded onPanalytical X'Pert Pro
X-ray diffractometer with Cu K radiation over the range of 10-80°. The Fourier
Transform Infrared spectra (FT-IR) of the prepacathlysts were obtained using a
Nicolet NEXUS 470 FT-IR spectrometer by the KBradimethod over a range of
400-4000 cnf with a 4 cnt* resolution. The surface area of samples was ditedm
by N, adsorption-desorption at liquid nitrogen tempeetul96 °C using a
Micromeritics Tristar 3000 instrument. Thermograeinc analysis (TGA) was
performed on Rigaku thermogravimetric analyzer véithmL min' of air flow from
30 to 800°C at a heating rate of 1% min*. The morphology of the samples was
performed on a JEOL JSM-7001F scanning electrorrasiope (SEM) with an
accelerating voltage of 10.0 kV.

X-ray photoelectron spectroscopy (XPS) measuremerte performed over a
Kratos AXIS ULTRA DLD spectrometer equipped with Kb radiation (lv = 1486.6
eV) under ultrahigh vacuum. The binding energiesewealibrated internally by

adventitious carbon deposit C (1s) with=£284.8 eV.
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The surface basicity of the catalysts were meashyet@mperature programmed
desorption of C@Q(CO,-TPD) and carried out on TPD flow system equippéith \&n
MS detector (Omnistar, PFEIFFER VACUUM). Each samn(fl.1 g) was pre-treated
in Ar flow at 500°C. The adsorption of COwas performed at 48C and then
followed by Ar purge to remove the physisorbed ,CODesorption process was

performed at a heating rate of 4D min-1from 4(°C to 500°C.
2.3 Evaluation of Catalysts

The GC synthesis was carried out in a 50 mL ste@agteel autoclave equipped
with a magnetic stirrer. In a typical experimentGg glycerol, 0.14 g catalyst and
5.0 mL CHCN were added into the reactor. Then ,;&@s introduced into the
autoclave with an initial pressure of 4.0 MPa. Teéaction was conducted at 170
for 12 h. For quantitative analysis, an externahdard-calibration factor method was
used and acetonitrile was used as external std@@rdConsidering the low
solubility of glycerol and the products in acetafetand the high solubility in ethanol,
ethanol was also added for the dilution of the tieacmixtures. Qualitative analysis
was conducted on a gas chromatograph (FID detegtidh a capillary column

SHIMADZU CBP/20.

3. Resultsand discussion

3.1 Textural and structural properties of the prepared materials

The XRD patterns of the prepared precursors arevsho Fig. 1. Besides the
typical peaks of HTlcs in HT, the appearance of zZmd La(COs),(OH),H,0 can be
ascribed to the high atomic ratio ofYM®*" (Zn/Al=4) and the large ionic radius of
La®*, respectively. Previous reports suggested that afioenic ratio of M*/M**
between 2 to 4 was favorable for the synthesisydfdtalcite-like structure[25, 27]
and Benito et al. [28] have reported that it wagoassible to hinder the ZnO

segregation for Zn/Al HTIcs when the ZAI3"

atomic ratio was higher than 2. For
HT-450, the hydrotalcite structure collapses andmo the corresponding metal

oxide/carbonate. In addition, the original layersttlucture re-appeares from the



calcined material after rehydration for HT-X whtlee ZnO peak intensity decreases.
The re-appearance of the diffraction peaks of HicsT-X can be attributed to the
“memory effect” of hydrotalcite structure[26]. Theeak diffraction peak intensity
and the wide peak shape of hydrotalcite in HT-Fgesgg the re-formed HTlcs with
small grain size. Compared with HT, the peak intgnsf HTlcs increases for HT-CI
and HT-Br, while decreases for HT-F. HT-CI has shrengest peak intensity of HTIcs.
The results indicate an increasing in crystallifay HT-Cl and HT-Br which can be
ascribed to the Ostwald ripening effect, as deedrib previous report[25].

It can be seen from Fig. 2 that all the FT-IR spgeate rather similar. The bands
at 3435 and 1637 cican be ascribed to the stretching of OH groupschéd to
metal ions as well as the water molecules in therlays space[29]. The band at
around 1362 cfh can be attributed to the; mode of interlayer carbonate species,
while 1421 crit can be assigned to the anti-symmetric stretchinderof the outer
layer CQ? [27]. It can be found that HT-F shows the lowesakpéntensity for
interlayer carbonate species (at 1362'tmhich can be ascribed to the fact that some
parts of CG was substituted by For OH. Previous report described that the
anion-exchange selectivity in the HTlcs follows #egjuence as: Bk CI < F < OH
< COs* [30]. Therefore, compared with HT-F, the incregsof peak intensity for
interlayer carbonates species in HT-Cl and HT-Bn ¢& ascribed to the lower
anion-exchange ability of Clnd Br than F which lead to a smaller amount of
halogen anions (Cland Br) entered the interlayer of hydrotalcite. Moreovite
bands at 400-900 cMclearly show a typical pattern of hydrotalcite, s strong
bands at 615, 552 and 429 ‘trare assigned to the stretching mode of Zn-OH and
Al-OH [27, 31], respectively. Compared with HT, tls&rong peak intensities of
Zn—-0OH and AlI-OH in HT-X indicate that more OHroups entered the interlayer of
hydrotalcite because of the stronger ability ofoaréxchange for OHhan halogen
anions.

The scanning electron microscopy images (Fig. ®wshtypical plate-shaped
crystals which suggests the formation of layeredcstire[32]. Compared with HT,
the thicknesses of platelets for HT-F are much Emahdicating that the rebuilding
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of the layered structure which is consistent wité tesult of XRD measurements. In
addition, some bulks formed by the growth and/ocuatulation of plate-shaped
crystals during the process of Ostwald ripeningfaumd in HT-CI and HT-Br which
are accordance with the XRD results (Fig. 1).

Fig. 4 presents the TG-DTG profiles of the prectgstnitially, all the samples
behave similarly with respect to the weight lossween 70 to 200°C, which
corresponds to the removal of physically adsorbedl iaterlayer water molecules.
The removal of both the hydroxyl groups from thel i€twork and the carbonate
anions from the interlayer are recorded at aroud@-3D0°C which results in the
formation of corresponding metal carbonate. Finalhye decomposition of metal
carbonates formed during the former steps is olksdpetween 300 to 50C, leading
to the formation of metal oxide or halide. For Hiffie weight loss at around 69G
can be ascribed to the decomposition aiQ.£0; [20].

The weight losses of each stage obtained from @eudrves are listed in Table 1.
Compared with HT, the weight losses of physicallis@bed and interlayer water
increase for HT-X samples, especially for HT-F, ethican be ascribed to the
formation of more amounts of hydrotalcites (as smaw XRD results, Fig. 1). In
addition, the formation of hydrogen bonds betweextew molecules and interlayer
halogen anions also leads to the increasing ofatheunt of interlayer water. The
weight loss of second stage ascribed to the decsitigpo of hydrotalcites also
increases for HT-X samples, especially for HT-Chiatan can be attributed to the
re-formation of more hydrotalcites according to ttesults of XRD and FT-IR.
Furthermore, for the decomposition of the formedainearbonate (third stage), the
weight loss decreases for HT-X, especially for HT\@hich can be ascribed to the
following reasons: firstly, the amount of carbongpecies in the interlayer decreases
for the re-formed hydrotalcite of HT-X. Moreovesg described in previous report[33],
the dehalogenation process seems more difficulin tlleehydroxylation and
decarbonation process which then leads to the aseref weight loss.

Fig. 5 shows the XRD patterns of the samples a#tmination. It is observed that
upon thermal decomposition at 560, the HTI structure collapses and forms the
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corresponding metal oxide/carbonate/halide. Somengtdiffraction peaks due to
ZnO phase appear in all samples. The most obvitiesehce is the existence forms
of La. For CHT and CHT-Br, La exists in the form lodi,O,CO; while LaOF and
LaOCI become the main phases in CHT-F and CHT-&pectively. The different
existence forms of La may have some influence an sturface basicity[34]. In
addition, diffraction peaks related to bromide ao¢ found in CHT-Br, indicating that
the formed bromide may exist in an amorphous statethermore, compared with
CHT, the stronger peak intensity of XB3CO; indicates LaO,CO; may exist in the
form of aggregation in CHT-Br.

The textures of the calcined samples are listetalrle 2. Compared with CHT,
the specific surface areas increase significarntiynf36.4 to 61.4 mg* with the
introduction of halogen anions. The pore volume patk radius also increase with
the introduction of halogen anions, especially@iT-Cl. The increasing of specific
surface area, pore volume and pore radius for CHBiX be ascribed to the followed
reasons: firstly, the re-formed hydrotalcites wiitle introduction of halogen anions
have more amounts of hydrotalcite structures whésults in more amounts of open
porous networks after thermal treatment. In addjticompared with HT, the
decreasing of the amounts of €Q2-) leads to a two times of Olgroups (-) enter
the interlayer of halogen anions modified hydratek: Then the dehydroxylation
process may result in the formation of more amowftepen-framework structure
which is also contributed to the increasing of shieface area, pore volume and pore
radius.

The particles of the samples calcined above %DOmaintained morphology
similar to that of the precursors, though some tatgswere destroyed (Fig. 6).
Compared with uncalcined samples (Fig. 3), more dgeneous and thin plates are
observed in CHT-X catalysts which can be ascribedhie dehydroxylation and
decarbonation during the decomposition processrésalts in the disappearing of the
superimposed bulks, formed during the process @ivald ripening. In addition, it
can be seen that the thicknesses of plates in CldiieXnuch smaller than CHT which
is responsible for the increasing of specific stefearea for CHT-X (Table 2).
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Moreover, compared with CHT, the formed more thiaitgs in CHT-X improve the

metal dispersion which then favors the exposumaarie active sites.
3.2 XPSinvestigations
The calcined samples were analyzed by XPS, andititetng energies (BE) of

Zn2p, Al2p and La3d are presented in Table 3. Forath@es, peaks are found at
around 834.4-835.3 eV (BE) for La3d. The Zg2peak at 1020.8-1021.3 eV can be
assigned to the Zh species on the catalyst surface. It can be seanthle BE of
Zn2p» and La3d increase with the introduction of halogermons, especially for
CHT-F. The results can be ascribed to the stroagtreinegativity of halogen anions
which results in more electrons transfer form zamel lanthanum atoms to halogen
atoms. In addition, the formation of LaOF and LaQ€f€lalso favorable for the
increase of BE of La atoms. Moreover, the BE of @gp2and La3d decrease with the
change of anions form Ko Br which can be ascribed to the decrease of the
electronegativity of Br The high BE of Zn2g, in CHT-X can promote the activation
of glycerol[20].

Surface compositions of the catalysts, as detenioyeXPS, are also shown in
Table 3. It can be seen that the surface conteBt@fin CHT-X is higher than that in
CHT, which can be related to more amounts of reséat hydrotalcites in HT-X
samples that agree with the results of XRD (Fig.ahg SEM (Fig. 6). More
hydrotalcites improve the surface area (Table 2) metal dispersion which leads to
more amounts of metal active sites exposure on siimace. In addition, the
decreasing of surface Zncontent with the change of halogen anions fornoBr
can be ascribed to the aggregation of ZnO partielgsh is confirmed by the strong
peak intensity of ZnO in CHT-Cl and CHT-Br (Fig.. Moreover, the surface content
of halogen anions decreases form 4.8 to 0.9% Wghanions change from # Br.
Previous reports described that the anion-exchaetgztivity in the HTlcs follows
the sequence of: Bk CI < F [30] and the stability of formed halogen-containing
HTlcs also follows the above sequence[35]. Theegfdhe decreasing of surface
content of halogen anions can be related to thextbety of anion-exchange and the

stability of the re-formed hydrotalcites.
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3.3 The basicity of prepared catalysts

The basicity of the catalysts was measured by-TED (Fig. 7). According to
the previous reports[8, 34], G@esorption peaks can be roughly divided into three
regions, e.g. the weakly (50-180), moderately (150-40%C) and strongly (> 40€C)
basic sites. The weakly basic sites were relatgdHogroups, moderately basic sites
were ascribed to metal-oxygen pairs (such as ZWaD, and La—O) and strongly
basic sites were associated with low-coordinatimygen atoms[34, 36]. All profiles
in Fig. 6 can be deconvoluted into four Gaussiaakpessigned to weakly (peak)
and moderately basic sitg} { andé peak), and the peak area can be considered to be
the amount of the basic sites. Compared with CH&,decreasing af peak area in
CHT-X suggests the decrease of the amount of weddgic sites with the
introduction of halogen anions which is in accoamvith the result of previous
reports[25, 37]. In addition, the total peak aré@he sum off, y ands decrease for
CHT-X catalysts, especially for CHT-CI, which indtes the decrease of the amount
of moderately basic sites. The phenomenon can flaiard as follows:

The more amounts of moderately basic sites in GQidm be related to the
formation of LaO,COs. Previous reports described that the introductbha may
enhance the basicity of catalysts[38] via the fdromaof La,0,CO; [39]. However,
although CHT-X shows large surface area, the amotimioderately basic sites in
CHT-X decreases which suggests that the amounasi€ Isites is not only correlated
to the surface area of the catalysts [20, 36]. dditeon, as shown in Fig. 4, the
existence forms of La changes with the introductiddrhalogen anions which may
have some influence on the surface basicity[34kré&tore, the formation of LaOF
and LaOCI may be responsible for the reductionhef amount of moderately basic
sites. For CHT-Br, the decrease of the amount aderately basic site may be related
to the aggregation of L&,CO; (Fig. 5). Moreover, the formed amorphous bromide
may also account for the decreasing of the amofinhaderately basic site for
CHT-Br.

3.4 Catalytic activity
The catalytic performances for GC synthesis of frepared catalysts are
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summarized in Table 4. The reaction conditions simailar with the previous
report[20]. Acetonitrile was employed since predoueports suggested that
acetonitrile is an effective coupling agent for gr@cess[19]. However, monoacetin
and diacetin are also detected as by-products wieshlt from the reaction of
glycerol and acetic acid derived from hydrolysis amfetonitrile[20]. Although the
formation of acetins as byproducts cannot be awbitlee wide applications of the
byproducts may reduce the cost of the synthesig reug. monoacetin can be used in
the manufacture of dynamite and tanning leathem aslvent for various dyes, as
food additive, plasticisers and softening agentkil®\Hiacetin can be used as solvent,
softening agent and fuel additives for viscosiguetion[40, 41].

Compared with CHT, the catalytic activities are moyed with the introduction
of halogen anions. A maximum glycerol conversior3®5% with GC yield of 16.0%
is obtained over CHT-CI. In addition, the highelesavity towards acetins than GC
can be ascribed to the impurity of glycerol andt@uirile which were analytical
agents and the fact that there was no dehydratiooepsing. Similar results were
obtained in previous report[42]. Furthermore, tidestivity toward GC increases
with the introduction of halogen anions. The impment of the catalytic activities
with the introduction of halogen anions can be sfsed from the catalyst
characteristics.

The increasing of diffraction peak intensity of hgthlcite in the halogen anions
modified samples (Fig. 1) indicates that more an®wh hydrotalcites were formed
which enhances the dispersion of active comporemisthen improves the catalytic
activities. In association with the result of the &dsorption, the introduction of
halogen anions improves the specific surface arablé¢ 2) which favors the exposure
of more active sites. In addition, the SEM imades/n in Fig. 5 also suggest that the
formed thin plates in CHT-X favors the enhancenwdrthe dispersion and exposure
of active sites. Furthermore, considering the tesofl XPS, the increasing of the BE
of Zn2p, in CHT-X favors the activation of glycerol[20], érhe increasing of the
surface Zn content in CHT-X is also helpful to irope the glycerol activation.

Previous reports described that moderately badies sis favorable for the
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synthesis of GC from glycerol and gQue to the strong ability of moderately basic
sites for the activation of GOand hydrolysis of acetonitrile[20, 43]. In our
experiments, although the amounts of moderatelic Is#tes decrease for CHT-X (Fig.
6), the increasing of the catalytic activities mandicate that the amount of
moderately basic sites is not the key factor faalgéic activity. The decreasing of the
amount of moderately basic sites may not favor&mecetonitrile hydrolysis which
may results in the decreasing of the formation adtias and the increasing of the
selectivity of GC.

The improvement of the catalytic activities for GMTmay also be associated
with the halogen anions. Previous research resuligested that different anions had
great influence on the catalytic activities andititeoduction of Cland Br obviously
improved the catalytic activities[44]. In additiddark et al. have reported that thée ClI
could be considered as Lewis base to activate gijdd]. Therefore, the
improvement of the catalytic activities may be tetato the halogen anions which
may activate glycerol.

The stability of CHT-CI was investigated and thsuleis shown in Table 4. It can
be found that the glycerol conversion and GC ydddrease which can be ascribed to
the loss of the active component (such ad*Zmd CI) by leaching[12, 46]. In
addition, the selectivity of GC increases from 46.20 52.3%, which can be
attributed to the existence of zinc glycerolatetio@ surface of the used catalyst as
described in our previous report[46]. The resutlicates that the stability of the
halogen anions modified catalysts is not good,sinecessary to develop highly

efficient and stable catalyst.
4. Conclusion

Halogen anions (F CI, Br) modified Zn/Al/lLa catalysts derived from
hydrotalcite-like compounds were prepared and dedi@ glycerol carbonate
synthesis from glycerol carbonylation with €@ is found that the introduction of
halogen anions has significant influence on the sgoghemical and catalytic

properties of the Zn/Al/La catalysts. The followiognclusions may be drawn:
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(1) The specific surface area increase with th@dhiction F, CI and Br anions. The
binding energy of Zn2yp increase for the halogen anions modified samplage
the catalyst basicity decreases with the formadiobaOF and LaOCI. In addition,
the ability of halogen anions enter the hydrotelsitructure follows the sequence
of: Br <CI <F.

(2) The catalytic activity is improved with theiatiuction of halogen anions, and the
best catalytic performance is obtained on CHT-CI.

(3) The catalytic activity may associate with tipedfic surface area, surface content
of Zn as well as binding energy of Zn atoms. Thdase basicity has some
influence on the selectivity of glycerol carbondteaddition, the halogen anions

also have great influence on the catalytic acasiti
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Captions of the illustration

Fig. 1. XRD patterns of prepared HT and HT-X hydrotalcitesZnO, ¢: Lay(COs),(OH),H,O
(46-0368), 1: La,COs (23-0320),0: La,0,CO;5 (37-0804).

Fig. 2. FT-IR spectra of prepared HT and HT-X hydrotalcites

Fig. 3. SEM images of HT, HT-F, HT-Cl and HT-Br samples.

Fig. 4. TG-DTG curves of prepared HT and HT-X hydrotalcites

Fig. 5. XRD patterns of calcined catalysts. *: Zn©@; La,0,CO; (37-0804),¢ : La,0O,COs
(48-1113),00: LaOF (05-0470)A: LaOCI (34-1494).

Fig. 6. SEM images of calcined samples.

Fig. 7. The CQ-TPD profiles of CHT and CHT-X catalyst§he values of the peak,(y andd)
area of CHT, CHT-F, CHT-CI and CHT-Br were multgdiby 16° and the results are 3.019, 1.311,

1.100 and 1.469 (a.u.)/g, respectively.
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Fig. 2. FT-IR spectra of prepared HT and HT-X hydrotakite
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Fig. 3. SEM images of HT, HT-F, HT-Cl and HT-Br samples.
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22

T T T T T T T T--1.5
0 100 200 300 400 500 600 700 800

DTG (%/min)

DTG (%/min)



Intensity (a.u.)

40 o
20 ()
Fig. 5. XRD patterns of calcined prepared catalysts. *OZmw: La,0O,CO; (37-0804), ¢ :
La,0,CO; (48-1113)[1: LaOF (05-0470)A: LaOCI (34-1494).

mm 100 nm

= 100 nm

Fig. 6. SEM images of calcined samples.
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Table 1. Weight loss of the prepared HT and HT-X hydrotakit

Weight Loss (%)*

Samples First Second Third
(< 200°C) (200-300°C) (300-500°C)

HT 7.5 5.0 8.7

HT-F 111 5.8 5.6

HT-CI 8.6 7.6 3.8

HT-Br 8.3 6.5 7.2

*Obtained from the TG-DTG curves of Fig. 4.
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Table 2. Physical properties of CHT and CHT-X catalysts.

Surface area Pore volume .
Sample 2 Pore radius (nm)
(mg) (cni/g)
CHT 36.4 0.069 5.6
CHT-F 46.2 0.13 6.6
CHT-CI 53.1 0.20 8.1
CHT-Br 61.4 0.16 5.3
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Table 3. The binding energies and surface composition afimadl samples.

Binding Energy (eV)

Surface percentage (at.%)

Samples
Zn La Al X La Al X
CHT 1020.8 834.4 74.6 44 3.8 -
CHT-F 1021.3 8353 74.3 2.5 6.2 4.8
CHT-CI  1021.1 835.0 745 2.7 6.8 2.8
CHT-Br  1021.0 834.8 74.1 4.1 6.2 0.9

X represents F, Cl and Br in CHT-F, CHT-Cl and CBiT+espectively.

Table 4. The catalytic activities of various casédyfor the synthesis of GC.

Glycerol Selectivity (%) GC Yield

Sample i

Conversion (%) pmonoacetin Diacetin GC (%)

CHT 30.4 50.9 5.2 43.8 13.3
CHT-F 30.6 46.9 7.0 46.1 141
CHT-CI 355 47.0 7.7 45.2 16.0
CHT-Br 33.6 48.9 6.8 44.2 14.8
Used CHT-CI 26.9 44.8 2.8 52.3 14.0

Reaction condition: Glycerol 4.60 g, @EN 5.0 mL, catalyst 0.14 g, Initial pressurgo4.0

MPa, 17¢°C, 12 h.
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