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By regulating the H,0/SiO, molar ratio (n =13.8, 16.9, 20.1, 26.3), NaY zeolites of different particle sizes (NaY-n, 50-400 nm) were
synthesized, and the NaY-n was modified with disodium hydrogen phosphate, Na,HPO,. The as-prepared catalysts are highly effective
for the dehydration of sustainable lactic acid (LA) to produce acrylic acid (AA). Through the optimization of NaY particle size and
Na,HPO, loading, AA yield as high as 74.3% can be achieved under mild condition (340°C). In terms of employed feed rate of lactic
acid and amount of catalyst, the AA formation rate is 12.0 mmol g, h™', the highest one ever reported for LA dehydration to AA.
Employing slightly low Si/Al ratio in NaY-n can modify catalyst acidity, while the pre-applied Na' ion-exchange and the following
Na,HPO, loading can effectively reduce the number of acid sites, particularly the Bronsted ones on NaY-n. Equrally important structural
features of NaY-n are their shorter pore channels (or even incompletely developed zeolite texture) and relatively larger Seyema/SgeT ratio,
which favors quick product departure from catalyst surface, and reduces the possiblity of side reactions occuring inside the long channels.
Appropriate surface acidity together with unique structural feature of NaY-n ensures efficient LA conversion with high dehydration
selectivity. Higher surface concentration of Na* on Na,HPO,/NaY-#n also favors sodium lactate meanwhile suppresses poly-lactate as

well as inactive carbon formation, coorsponding to the superior performance as well as improved durability of Na,HPO,/NaY-n.

1. Introduction

Acrylic acid (AA) is a highly demanded raw material, and
industrially it is produced through the oxidation of propylene
originated from non-renewable petroleum. The direct
fermentation of biomass (such as sugar) to AA was under
investigation '. Straathof et al. > analyzed the metabolic process
of biomass to AA and figured out three major pathways that were
involved in AA generation. With the prospect of Lactic acid (LA)
being derived from sustainable biomass, the catalytic dehydration
of LA becomes an attractive option for AA production. * LA has
bi-functional groups (-OH and —COOH), it can be produced
through chemical synthesis and biomass-based fermentation
processes ¢ with the latter being conducted for many years. °
Recently John et al. ® and Dusselier et al. ’ made thorough
overviews on the feasibility of using LA as raw resource for
petrochemical production, and commented on the related
economical prospects and the economic effectiveness of the
fermentation technology in the exploration as well as exploitation
of biomass materials for LA production. On the other hand,
chemical production of LA and other value-added substances
using renewable feedstocks have been emphasized and explored.®
Holm et al.***! reported a catalytic process for direct formation of
methyl lactate from common sugars over Lewis acidic zeotypes
such as Sn-Beta at 160 °C. With sucrose as substrate, the yield of
methyl lactate can be as high as 68%, and the catalyst can be
easily recovered by filtration and reused multiple times after
calcination without any substantial change in product selectivity.

As for chemcatalysis production of AA, Holmen et al’
observed 68% AA selectivity at LA conversion of >70% over
calcined phosphates and/or sulfates. The study of Paparizos et
al.' on LA dehydration over aluminum phosphate that was
treated with inorganic base, and the study of Sawicki et al.'' on
LA dehydration over silica- and alumina-supported phosphate
catalysts showed AA yield of ca. 50%. In the mechanistic study
of LA conversion to AA over alkali metal nitrate and phosphate,
Gunter and coworkers'? detected lactate species that were formed
due to LA-catalyst interaction. They noted that although
phosphorus did not promote the target reaction, its presence
suppressed side reactions, especially the formation of
acetaldehyde; also, AA formation was enhanced because the
carboxyl groups were stabilized by the generated phosphate of
cyclic structure. The role of phosphorus in stabilizing carboxyl
groups was noted previously by researchers such as Monma,"
Daniel,'* Watkins ' and Lee et al.'® Ghantani et al. !"* also found
that calcium lactate can be formed during dehydration of LA over
the calcium hydroxyapatite catalyst and the generated lactate
species showed postive effect on protecion of carboxyllic group
according to the proposed dehydration mechanism. Peng et al.!™
reported AA selectivity of 74% at LA conversion of 99.8% over
barium sulfate as catalyst, and improved stability was also
observed.

Over sodium dihydrogen phosphate (NaH,PO,) that was
supported on silica, Zhang et al. '® observed the formation of
methyl acrylate (MA) and AA, and “MA+AA” selectivity was
approximately 50%, corresponding to LA conversion of 99.5%.
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They found that with increase of Na/P ratio, the amount of
terminal POH group and surface acidity declined, resulting in
higher “MA+AA” selectivity. Furthermore, AA could be
produced from LA in a medium of supercritical water containing
phosphate or strong base as reported by Lira and McCrackin. "
However, the reaction conditions were severe and the kinetics
was found to be complicated.

Zeolites are solid acids effective for the catalytic dehydration
of alcohol and hydroxy-carboxylate acid/ester. *° It is believed
that due to enrichment of reactant(s) in the channels of zeolites,
there is enhancement of reactivity. The FAU topology and
supercage structure of NaY zeolite are beneficial for molecule
accessibility and diffusion, showing high selectivity to small
molecule product(s). Compared to the NaY-supported
phosphate catalyst, we found that the counterpart using SBA-15
as support showed considerably higher selectivity to 2,3-
pentanedione (rather than to AA). ** Therefore, porous property
of catalyst is important to determine AA or 2,3-pentanedione
selectivity, particularly when LA dehydration was operated at
lower reaction temperature. Moreover, according to Balkus et
al.,” there is no need for zeolite catalysts to be strong in acidity
for LA dehydration. Wang et al. >* and Sun et al. > adopted NaY
exchanged with ions of rare earth metals as catalysts. They found
that ion exchange at specific position of NaY may induce
distortion of crystal cell and consequently a remarkable increase
in AA selectivity.

In a previous study, 2* we found that NaY modified with alkali
metal phosphates showed 58% AA yield in LA dehydration.
Among the modified NaY catalysts, the one modified with
disodium hydrogen phosphate (Na,HPO,) showed the best
performance under optimized conditions. It was found that LA
conversion was generally below 80% while AA selectivity over
70%. Therefore, there is room for conversion enhancement with
AA selectivity being retained at high level. Compared to the
zeolite crystallites that are commercially available, the zeolite
crystallites fabricated with smaller size are superior in terms of
external surface area, density of specific acid sites, and diffusion
path length. 2" The objective of the present study was to develop
catalysts that were based on nanosized NaY zeolites. We
systematically synthesized NaY nanoparticles of different sizes
(50-400 nm) and adopted them to disperse Na,HPO,. It was
found that the obtained catalysts significantly outperformed the

previously reported ones that were supported on commercial NaY.

In addition to improvement in overall stability, the new catalyst
showed AA yield of 74%, ca. 17% higher than the one that was
based on commercial NaY. The AA formation rate is 12.0 mmol
g b, which is in fact the highest value ever reported, and can
be considered as a significant progress in AA production through
the catalytic dehydration of LA. Based on the results of
systematic characterization, we discussed in detail the origin of
catalyst supremacy as well as the reasons for the difference in
characteristics and stability between the commercial NaY-based
and nanosize NaY-based catalysts. To help in comparing the
important findings of ctalyst design for AA fehydration, Table S1
(ESI) is presented, in which the representative catalyst systems,
their performances, and the related operation conditions are
summarized.

2. Experimental Section
2.1 Catalyst preparation

NaY.m was purchased from the Zeolite Manufactory of
Nankai University (China). Nanosize NaY crystallites were
synthesized according to a two-stage variable-temperature
program without the use of any organic templates, one similar to
that described by Fang et al.,*> Sang et al.,*® and Valtchev and
Bozhilov.”” The particle size was controlled by regulating the
molar ratio of water to SiO, (n = H,0/Si0,) in preparation. The
nominal H,O/SiO, (n) was 13.8, 16.9, 20.1 and 26.3, and the NaY
samples are denoted as NaY-n hereinafter. Tipically, 9.46 g of
sodium hydroxide (NaOH) was added into desired amount of
water. After complete dissolution of NaOH, 5.00 g of aluminum
isopropoxide (Chengdu Kelong Chemical Co., Ltd, China) was
added under agitation for 2 h. Simutanueously, 35.25 g of
colloidal SiO, solution (30wt%, Adrich) was slowly added into
the above mentioned sodium aluminate solution under vigorous
stirring for 15 min. The resulting solution was aged at 25 °C for
24 h under stiring, subsequently tranferred into autoclave and
aged for additional 24 h at 38 °C. Finally, the precursor gel was
hydrothermally treated at 60 °C for 48 h. The resulting
suspension was filtrated, and the collected solids were dried at 80
°C. The Na' ion-exchange pretreament of NaY ., and NaY-n was
conducted as following: the weighted NaY sample was added
into an aqueous NaNOj solution (1 mol/L) with a solid/liquid
ratio being 1:10 (w/w) and the suspension was stirred at 70 °C for
6 h. After that the solids were collected by filtration, washed with
water repeatedly to remove the residual Na'" ions. The material
was then dried at 110 °C overnight. The Na,HPO, was
introduced to NaY-n through impregnation. Typically, NaY-n of
2.5 g was added into 25 ml aqueous Na,HPO, solution (0.096
mol/L). The resulting suspension was stirred at 40°C for 4 h, and
the slurry was dried under vacuum (in a rotary evaporator) and
further dried at 120 °C overnight. The obtained catalyst (denoted
as Na,HPO,/ NaY-n hereinafter) was pressed and crushed into
40-60 mesh particles. As a reference, a Na,HPO4/NaY ., catalyst
using commercially available NaY (denoted as NaY,, as
support was also fabricated in a similar manner. The Na,HPO,
loading of the catalysts was 12 wt% unless specified otherwise.

2.2 Catalyst activity

All reactions were carried out at atmospheric pressure in a
vertical fix-bed quartz reactor 8 mm in internal diameter and 500
mm in length. The catalyst (1.5 g) was placed in the middle and
the upper part of the reactor was filled with quartz chips for
preheating the LA feedstock which was introduced by a syringe
pump using N, as carrier gas (30 ml/min). Before the start of
reaction, the catalyst was heated at a rate of 10°C/min to a
designated temperature in N, and kept at this temperature for 3 h.
Then an aqueous solution of LA (34 wt%) was introduced at a
rate of 6 ml/h, and the products were collected in a cold trap
during a reaction period of 2 h and analyzed using a gas
chromatograph equipped with FID and HP-FFAP capillary
column using valeric acid as internal standard. LA conversion,
AA yield and selectivity were reported as percentage of
theoretical molar yield based on the amount of LA that was fed
into the reactor.*® Repeated measurements were performed to
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assure reproducibility of results. The data shown in the present
study are averaged values with deviations of £2%.

2.3 Catalyst characterization

Powder X-ray diffraction of as-synthesized and Na,HPO,-
modified NaY nano-crystallites was conducted on a Shimadzu
XRD-6000 diffractometer with Cu-Ka radiation (operated at 40
kV and 40 mA) at a scanning speed of 5°/min in the 5-70°(20)
range. Scanning electron microscopic (SEM) images of samples
were taken on an S-4800 SEM instrument. The elemental
composition of samples was checked by X-ray fluorescence
analysis over an ARL-9800 spectrometer. X-ray photoelectron
spectroscopic (XPS) measurement was performed on a PHIS000
VersaProbe instrument with Al Ko radiation. The binding energy
(BE) was calibrated against the Cls signal (284.6 eV) of
contaminant carbon. Elemental surface composition was
estimated on the basis of peak areas which were normalized using
Wagner factors. Ammonia temperature-programmed desorption
(NH;-TPD) was conducted to measure the surface acidity of
catalysts. The signal of NH; was measured by a thermal
conductivity detector (TCD). Catalyst of 0.1 g was first heated in
an Ar flow (30 ml/min) to 400 °C and kept at this temperature for
1 h. Then the sample was cooled to 100 °C in flowing Ar. After
that, NH; adsorption was performed at 100 °C for 1 h. Finally,
NH;-TPD was carried out in a He flow (30 ml/min) with the
sample being heated to 500 °C at a rate of 10 °C /min. The FTIR
spectra of pyridine adsorption were recorded in the range of
1000-4000 cm™ on a Bruker VERTEX70 spectrometer. The
samples were pressed into self-supporting wafers containing 10
mg of material, and then the wafers were mounted inside a Pyrex
vacuum cell and degassed at 400 °C for 2 h. Samples were
allowed to cool down to room temperature (RT), and pyridine
vapor was admitted into the cell and adsorption lasted for 1 h.
Subsequently, the samples were heated up to 200 °C under
vacuum and kept at this temperature for 2 h then cooled down to
RT for spectrum recording. The specific surface area and pore
volume of catalysts were measured by N, adsorption at 77 K on a
Micrometrics ASAP 2020 instrument. Prior to N, adsorption, the
samples were treated under vacuum at 350 °C for 8 h. The
specific surface areas were estimated using the BET method,
while the pore volumes were calculated by the t-plot method.

3. Results and discussion
3.1 Characterization of fresh catalysts

XRD Fig.1a shows the XRD patterns of NaY-n which are typical
of FAU-type zeolite. According to the results of Huang et al.?”*,
the size of NaY crystallites can be reflected by the width and
height of diffraction peaks. One can see that crystallinity
enhances with rise of n (n = 13.8, 16.9, 20.1, 26.0), suggesting
that the formation of NaY crystallites is favourable at a higher
content of water in the gel precursor. There are other small peaks
observed over NaY-73.8 and NaY-/6.9 as compared to NaY-26.3,
suggesting that it is possible to have minor non-zeolite structure
in the cases of NaY-/3.8 and NaY-/6.9. Note that the H,0/SiO,
ratio adopted for the generation of NaY-/3.8 and NaY-/6.9 was
relatively low, and the decline of water content might result in
lower uniformity of suspension during preparation. As a result,

the as-obtained samples were poor in zeolite structure and
crystallinity. The Na,HPO4/NaY-n catalysts essentially retain the
FAU structure (Fig.1b). Note that the diffraction peak at 20 = 6.2°
corresponding to (111) reflection significantly diminishes after
Na,HPO,4 modification. The phenomenon suggests that despite
there is no obvious change in phase structure, there is a certain
change in NaY morphology as reported previously by us.?® In
addition, since there is no XRD signal ascribable to Na,HPO,
species, we deduce that the dispersion of Na,HPOj is high.

(111) (533) (555) (a)
(331)
(311) uJL‘JJ JU | NaY-26.3

NaY-20.1

NaY-13.8

T T T
15 30 45 60
20/°

(b)
(L L‘NJLM 12%Na,HPO /NaY-26.3
L—}J‘M/J WJ ) MMMMMM\J (S .

12%Na,HPO /NaY-20.1

12%Na,HPO /NaY-16.9
12%Na,HPO /NaY-13.8

1‘5 Sb 4‘5 60
200
Fig. 1. XRD patterns of (a) NaY-#n and (b) Na,HPO,/NaY-n.

Intensity (a.u.)

Intensity (a.u.)
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Fig 2. SEM images (a-¢) of NaY-n and NaY .o,
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SEM Shown in Fig. 2 are the SEM images of NaY-n and NaY ,p-
The NaY-n samples (Figs. 2a-d) are uniform in size distribution.
The size of primary particles increases from approximately 50 to
400 nm with increasing n values; a phenomenon of this kind was
also reported by Song et al. ® The size of NaY.,,, crystallites is
1.5-2 um, roughly ten times bigger than that of NaY-n. Moreover,
there is morphological difference between the two: NaY-n are
with round edges while NaY.,,, with square edges. The important
structural features of NaY-n are their shorter pore channels (or
even not well-developed zeolite texture as in the cases of NaY-
13.8 and NaY-16.9 as revealed in Fig. 1) and relatively larger
external surface area (Table 1), which can favor quick product
departure from catalyst surface, and reduce the possiblity of side
reactions occuring inside the long channels.

N, sorption The size and pore volume of samples are commonly
measured based on sorption isotherms of N, condensation at 77
K;® and the BET surface areas (Sgpr) of microporous samples
can be obtained as well. However, one should bear in mind that
there are limitation in BET measurement of microporous
adsorbents *” and Sggr can only be compared in empirical values
among the same kind of porous materials.*' The characteristics of
NaY-n and NaY,,, without and with Na,HPO, loading are listed
in Table 1. With rise of n from 13.8 to 26.3, the surface area of
NaY-n increases from 418 to 642 m%g. The observation is
consistent with that reported by Huang et al.>’ It is thought that
the BET surface area is related to the crystallinity of NaY-n.
Comparatively low crystallinity of NaY-n (especially NaY-73.8)
corresponds to incompletely developed micropores and thus to
smaller in specific surface area as well as in micro-porous volume
(Table 1). On the other hand, the well growth of primary particles
and high crystallinity of NaY ., (as revealed in SEM image) can
account for its large specific surface area. Due to the undeveloped
micropore/texture of nanosized NaY-n to certain degree
(especially in the case of NaY-/3.8), the contribution of
micropores to surface area and V, decreases (Table 1).
However, it is actually not a disadvantage, since the deep pores
inside the zeolite crystallites can cause a notable diffusion issue,
which in turn inevitably facilities side reactions. In addition,
stacking of nanosized NaY-n could also develop certain
mesopores (Fig. S1) which contribute notably to Vi, but
insignificantly to Sgpr. The overall effect is that surface area
decreases notably while V,y, declines slowly on the sample serial
from NaY ., to NaY-7/3.8.

In a previous study,® we found that the introduction of
Na,HPO, to the commerical NaY zeolite led to decrease of Sggt
and pore volumes (Vi and Vo). The similar observations
were made on NaY-n of the present study. With the introduction
of Na,HPO,, there would be plugging of pores, especially so
when micropore volume (Vo) and specific surface area (Sggr)
are getting smaller. The ratio S.yema to Sger for all of the samples
has been included in Table 1. The S yema/Sger ratio of NaY-26.3
is only slightly larger than that of NaY,,,. We thought that the
crystallinity of NaY-26.3 is close to that of NaY,,, but the
porosity of the two samples is somehow different, which is
reflected in the values of Sggr, Vi, and Vi, of the two
samples. The results of NaY-16.9 were also included in Table 1.
Note that Na,HPO4/NaY-n in smallest particle size showed the

highest Scyema/Sper ratio. This is one of critical factors in
determining catalytic behavior of LA dehydration. In the NaY-n
serial samples, the highest S.yma/Spet ratio is observed on NaY-
20.1, which suggests that the S ma/Sper ratio is determined by
not only the particle size, but also the developed zeolite texture.

Table 1. Characteristics of NaY-n and NaYcom

Sample SiAl Na/Al  Seer  Vioa  Sex  Vmigp  Sew

(m°/g) (cm“g) (m“/g) (cm’/g) Seer
NaYeom 246 096 686 037 81 026 0.12
NaY-26.3 156 097 642 038 85 024 013
NaY-20.1 158 098 513 038 102 025 020
NaY-16.9 158 098 504 033 95 022 0.9
NaY-13.8 / / 418 025 73 011  0.18

loaded NaYcom 2.6 143 391 023 32 0.12 0.08
loaded NaY-26.3 1.60 129 405 0.21 29 0.18 0.07
loaded NaY-20.7 1.61 128 372 0.23 48 0.14 0.13
loaded NaY-76.9 1.61 129 288 024 50 0.11 0.17
loaded NaY-73.8 / 4 182 0.19 43 0.065 0.24

NH;-TPD The NH;3-TPD study can provide information related
to overall acidity as well as strength of acid sites. Shown in Fig. 3
are the NH;-TPD profiles obtained over the NaY-n, NaY om,
Na,HPO4/NaY-n, and Na,HPO,/NaY,, samples. Over NaY-n
and NaY,, before and after Na,HPO, addition, there are weak,
medium, and medium strong acid sites corresponding to NH;-
desorption in the 150-200 °C, 200-260 °C, and 260-400 °C
ranges, respectively. The NaY-n samples show slightly higher
acid strength than NaY., in view of the NH;-desorption
temperatures (Fig. 3a). Compared to NaY-n, NaY,, has lower
fraction of sites that are medium strong in acidity, this is
understandable since the Si/Al ratio of NaY-n is relatively higher
(Table 1). Across the NaY-n samples, there is a tendency that
surface acidity declines with increasing n value; on the other hand,
the fraction of medium strong acid sites increases with increasing
n (i.e. increasing particle size). This is plausibly due to slight
decrease in Si/Al ratio 27 as well as enhancement of NaY phase
purity and crystallinity. With the introduction of Na,HPO,, the
number of acid sites of these three kinds decreases notably with
no obvious change in acid strength (Fig. 3b).

The overall acidity of different samples was quantified based
on the area of NH; desorption peaks in the TPD profiles, and the
results are shown in Table S2 (ESI). A general picture is that the
overall acidity decreases after Na,HPO, modification. However,
it is rather complicated to individually compare the acidity among
the unmodified and Na,HPO, modified NaY samples, this is
because the fractions of medium strong, medium, and weak acid
sites seem to change obviously from one to another, and reliable
quantification of medium strong, medium, and weak acid sites is
practically difficult due to severe overlap of the corresponding
peaks/shoulders. Nevertheless, the overall acidity of the loaded
NaY-n and NaY ., is close each other except for the loaded NaY-
26.3, but qualitatively, the fraction of medium strong acid sites
over the Na,HPO, modified NaY-76.9, NaY-20.1, and NaY-26.3
appears relatively higher than that on the Na,HPO, modified
NaY,m as well as NaY-73.8, which may be in part responsible
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for their catalytic behaviors. Note that although the Si/Al ratio
apparently influenced the catalytic behavior of various catalysts,
the catalyst nature is actually multi-affected by Si/Ai ratio,
synthetic condition, and resulting structure in the current study.

(a) (b)

18] Weak " Medium Weak Medium
Medium \ Medium
- strong
17 strong o
Na,HPO, /
- NaY-13.8 Nav-13.8
E 164
N NaY-16.9
=
5
[
8 15- NaY-20.1 Na,HPO, /
2 aY-20.1
NaY-26.3
14

T T T T T T
100 200 300 400 500100 200 300 400 500
Temp(°C)

Fig. 3. NH;5-TPD profiles collected over (a) unmodified NaY and
(b) 12%Na,HPO,-modified NaY.

Pyridine-adsorption FTIR FTIR spectra of pyridine adsorption
on NaY-n and Na,HPO,/NaY-n are shown in Fig. 4. The 1545
and 1450 cm™ bands are attributed to pyridine adsorption on
Bronsted acid sites (pyridinium ion) and Lewis acid sites (i.e.
accessible AI** or Na' sites), respectively. ** As for the 1490 cm!
band, it is believed to be a co-contribution of pyridine adsorption
on Lewis as well as on Brensted acid sites. ** From Fig. 4a, it is
clear that both Brensted and Lewis acid sites exist on NaY-n and
NaY on The amount of Brensted acid sites can be affected by
both the Si/Al ratio of zeolite sample and the efficiency of Na*
ion-exchange pre-treatment. The Si/Al ratio of NaY-n is
somewhat lower than that of NaY,,, (Table 1), meanwhile the
fraction of Brensted acid sites of NaY-# is also higher than that of
NaY o (Fig. 4).

(a) (b)
NaY-26.3 Na,HPO,/

NaY-26.3

NaY-20.1 Na,HPO,/

NaY-20.1

Na,HPO,/
NaY-16.9

NaY-16.9
Na,HPO,/

NaY-13.8 NaY-13.8
Na,HPO,/

T T T T T T
1400 1600 1800 2000 1400 1600 1800 2000

Transmittance

1442
1490
1542
1595
1490
1542

1442
1595

Wavenumber (cm™)

Fig. 4. FTIR spectra of pyridine adsorption collected over (a)
unmodified NaY, and (b) 12%Na,HPO,-modified NaY.

On the other hand, the XRF measurements of NaY,,, and
NaY-n reveal that the Na/Al ratio of NaY,,, is smaller than that
of NaY-n (Table 1), therefore, it is plausible that in the case of
NaY-n, higher fraction of protons is substituted by Na' ions
during the Na ion-exchange pre-treatment. When Na,HPO, is
introduced to NaY-n, there is diminution of pyridine adsorption
peaks at ca. 1542 cm™ (Fig. 4b), indicating the elimination of
Bronsted acid sites, but this is not the case for NaY,,. According
to the experimental setup, the samples after pyridine adsorption
were heated up to 200 °C and degased under vacuum for 2 h. It is
difficult, however, to remove hydrogen bonded pyridine species
which result in the peaks at 1595 cm™. *> Employing slightly low
Si/Al ratio in NaY-n synthesis can modify catalyst acidity, while
the pre-applied Na'" ion-exchange and the following Na,HPO,
loading can effectively reduce the number of acid sites,
particularly the Brensted ones on NaY-n. Appropriate surface
acidity together with unique structural feature of NaY-n ensures
efficient LA conversion with high dehydration selectivity.

3.2 Catalyst activity

It was observed in our previous study that with the
optimization of reaction conditions (reaction temperature, LHSV,
LA concentration), the Na,HPO,/NaY,,,, catalyst showed good
performance in LA dehydration to AA (~58% AA yield).?® In the
present study, the Na,HPO,/NaY-n catalysts were evaluated
under similar reaction conditions, and the results are illustrated in
Fig. 5 and Table 2.

100

90 //

£

g

k]

LA Conversion H
> 80-

3

k]

g

) /
R I I R A
Na,HPO, loading over NaY-16.9 (wt%)
704 .
AA yield

60 T T T T T
320 330 340 350 360

Tempetrature(°C)

Conversion of LA and yield of AA (%)

Fig. 5. Temperature dependence of LA conversion and AA yield
observed over 12%Na,HPO,/NaY-16.9. The effect of Na,HPO,
loading on LA conversion and AA yield at 340 °C is also
illustrated in the inset.

As shown in Fig. 5, LA conversion over 12%Na,HPO,/NaY-
16.9 increases from 75.5% to 98.9% as reaction temperature is
raised from 320 to 360 °C, while AA yield first increases with
temperature rise from 320 to 340°C and then declines above
360°C. An AA yield of 71.3% can be obtained in a single-pass
reaction at 340 °C. Note that temperature rise in the 320-340°C
range has caused enhancement in LA conversion, while in the
340-360 °C range a rise in temperature has little impact on LA
conversion but considerable enhancement of side reactions
(generating acetaldehyde and acetic acid, causing reduction in
AA selectivity). As illustrated in the inset (Fig. 5), Na,HPO,
loading also affects AA yield. Over 9%Na,HPO,/NaY-/6.9 and
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15%Na,HPO,/NaY-16.9, AA vyields are 63.2% and 71.4%,
respectively, while there is only slight change in LA conversion.
It was found that the optimal Na,HPO, loading on NaY-16.9 is
12% by weight.

Shown in Table 2 are the performances of NaY-n and NaY .o,
as well as those of Na,HPO,/NaY-n and Na,HPO,/NaY,,, with
12% loading. Clearly, NaY-n (n = 13.8, 16.9, 20.1, 26.3)
outperform NaY ., In general, NaY., shows higher LA
conversion while NaY-# higher AA selectivity. In our experiment,
The Na' content in NaY-n (detected by XRF and XPS, not shown)
is higher than that in NaYy,. According to Gunter and co-
workers,'*!%° ample provision of Na' ions is a beneficial factor
because the formation of AA involves the generation of sodium
lactate through a step of proton transfer from LA. It is suggested
that higher concentration of surface sodium lactate species
accounts for higher AA yield.

Table 2. Yield of certain products, LA conversion and AA selectivity
observed over NaY-n and 12%Na,HPO./NaY ¢

Yield of certain products (%)

Catalyst LA Conv.  AA Sel.
atalysts Propanic
Acetaldehyde  2,3-pentanedione pAd AA (%) (%)
acl
NaYom 22.0 3.1 1.6 355 95.5 37.2
NaY-13.8 37.7 3.0 0.8 38.9 89.6 434
NaY-16.9 19.9 3.1 13 411 88.9 46.2
NaY-20.1 13.6 25 1.1 42.0 91.6 45.9
NaY-26.3 18.4 24 1.6 34.0 86.2 39.5
Na,HPO,/
4.6 4.6 1.0 54.0 82.3 65.7
NaYeom
Na,HPO,/
4.8 5.3 1.1 70.9 92.3 76.8
NaY-13.8
Na,HPO,/
3.8 5.0 1.1 713 94.6 754
NaY-16.9
Na,HPO,/
5.1 5.2 1.0 743 93.5 79.5
NaY-20.1
Na,HPO,/
4.5 4.4 1.0 70.7 94.3 75.0
NaY-26.3

“Notes: N, flow rate = 30 ml/min, LA concentration in liquid feed = 34%,
reaction temperature = 340°C. Other products include propanediol, poly-
lactate as well as surface carbon species.

With introduction of Na,HPO, to NaY, there is an increase of
6-8% in LA conversion, but an increase of ca. 30% in AA
selectivity. The highest AA yield of 74.3% with 79.5% AA
selectivity is observed over 12%Na,HPO,/NaY-20.1. It is noticed
that Na,HPO,/NaY-n showed similar catalytic performances
(Table 2). This is understandable because the size of primary
zeolite particles of Na,HPO,/NaY-n is actually comparable
within the serial Na,HPO,/NaY-n although the dimension of the
secondary particles becomes larger in the cases of NaY-20./ and
NaY-26.3 owing to stacking of primary particles. On the other
hand, relatively lower crystallinity (based on XRD result) and
less developed NaY zeolite structure (based on N, sorption data)
in the cases of NaY-/3.8 and NaY-/6.9 may somehow offset the
small size effect. In contrast, the higher crystallinity and well
developed NaY structure of NaY-26.3 likely compensate the
large size effect. As a consequence, the overall activity of
Na,HPO4/NaY-n is close to that of the individuals. However, it

should be emphasized that Na,HPO,/NaY-n significantly
outperform Na,HPO,/NaY,,, (Table 2), which made us to
conclude that the small-sized catalysts (50-400 nm) are indeed
superior to the large-sized one (~2000 nm). The highest AA
formation rate obtained over Na,HPO,/NaY-20.1 (12.0 mmol g,
"' 1"y is approximately 3.9 times as much as that obtained on
barium sulphate reported by Peng et al. '”°

Based on the results of NH;-TPD and pyridine-adsorption
FTIR studies, one can envisage that fine-tuning of NaY acid
property by means of Na,HPO, modification is critical for
selective production of AA from LA. The results of Balkus et al.
% and Peng et al. " indicated that strong surface acidity is not
essential. The acidity requested for LA dehydration could vary
with catalyst nature of different systems. Nevertheless, our
studies on the NaY-based catalysts revealed that the weakened
surface acidity due to Na'-ion exchange pretreatment and
Na,HPO, modification indeed enhanced AA selectivity.
Referring to the results of SEM investigation, one can infer that
the nano-scaled NaY zeolites promote the dispersion of Na,HPO,
species as well as enhance mass transfer of AA product in the
short zeolite channels. In other words, catalyst performance could
be somewhat morphology-specific. The size and aggregation state
of primary particles have to be optimized so as to achieve
crystallinity and texture most suitable for the target reaction. This
is evidenced by the results observed over the serial
Na,HPO,/NaY-n samples in terms of variation in acetaldehyde
selectivity. With Na,HPO, introduction, acetaldehyde formation
is drastically suppressed. On this aspect, the NaY-n samples are
obviously superior to NaY,, Furthermore, the presence of
phosphorus is known to stabilize the carboxyl groups of LA and
AA. % According to the DFT calculation made by Zhang et al.
'8 and the study reported by Ghantani et al.,'™ once the carboxyl
group of LA is stabilized by the phosphate species,
decarbonylation of LA can be effectively suppressed, which in
turn enhances AA selectivity. It is deduced that the mechanism of
this study is similar to that proposed by Ghantani et al. expect
that the calcium lactate serves as active species in their study is
replaced by the NaY-# supported sodium lactate in our case.

3.3 XPS measurement of fresh and used catalysts

The surface elemental composition of fresh and used catalysts
was examined by XPS technique. As shown in Table 3, the NaY-
20.1 sample has a surface Si/Al ratio of 1.93. With the
introduction of Na,HPO,, there is decline of Si/Al ratio from 1.93
to 1.8, lower than that of 12%Na,HPO4/NaY .oy, (2.7). The results
of XRF measurement show that the bulk Si/Al ratio of NaY-20.1/
is somewhat lower than that of NaY,, suggesting that more Na*
could be introduced to the NaY-20./ zeolite through ion-
exchange pre-treatment. Moreover, higher dispersion of Na,HPO,
has been achieved over NaY-n than over NaY,,,, especially on
the external surfaces of NaY-n. Therefore, it is reasonable to find
that the surface Na" concentration of 12%Na,HPO,/NaY-20.1 is
higher than that of 12%Na,HPO4/NaY,,,. High surface Na*
concentration is favorable for developing sodium lactate which is
considered as the real active species for LA dehydration to AA.

The Nals and Cls BEs of catalysts were measured to
understand the chemical nature of catalyst surface. Compared
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with the Nals peak of NaY-20./ (at 1071.7 eV), that of
Na,HPO,/NaY-20.1 shows obvious increase in peak intensity but
no shift in peak position (Fig. 6a). In the cases of used
Na,HPO,/NaY-20.1 and used Na,HPO,/NaY_,,, there is a shift
of Nals peak position to lower BE, indicating a change in
chemical environment of Na" and implying the generation of
sodium lactate species. In Fig. 6b, one can see that the Cls peak
increases in intensity and shifts toward lower BE after reaction,
suggesting the deposition of carbon-containing species during the
reaction. In addition, new Cls peaks at approximately 287.9 eV
ascribable to carbonyl group of sodium lactate ** are observed
over the used catalysts. Thus the XPS investigation provided
evidence for the in situ formation of sodium lactate species
during the reaction.

On the other hand, there is little change in surface
concentration of phosphorus, suggesting that the surface
phosphate species are quite stable, providing consistent
functionality of stabilizing the carboxyl groups.

Table 3. Surface elemental composition of representative catalysts

Surface elemental composition (at %)

Sample
C Na Al Si (0] P Si/Al
NaY-20.1, fresh 237 8.8 6.9 133 473 / 1.9
Na,HPO,/NaY-20.1, fresh 10.9 164 59 108 540 241 1.8
Na,HPO,/NaY-20.1, used 214 15.1 49 8.5 477 24 1.7
Na,HPO4/NaY com, fresh 15.1 105 53 145 524 22 2.7
NaHPO,/NaY om, used 20.2 155 40 100 479 25 25
Natls
1071.3 a
1071.7
P
\
/ \\
/ N Na,HPO,/NaY-20.1, used
>
2 - / \; Na,HPO /NaY-20.1 o
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Fig. 6. Nals and Cls spectra of the fresh and used catalysts.

3.4 FTIR study of fresh and used catalysts

In order to better understand the catalytic process, FTIR
technique was applied to examine the fresh and used catalysts and
the results are shown in Fig. 7. Over the used catalyst, IR bands at
1411 and 1577 cm’ ascribable to sodium lactate species are
detected. Therefore, besides the XPS results, we have IR
evidence to support the in situ generation of sodium lactate.
Similar observation was reported by Gunter et al.”! From Fig. 7,
one can see that 12%Na,HPO,/NaY-20.] has greater amount of
sodium lactate species than 12%Na,HPO,/NaY,,, and the
observation is consistent with the XPS results. According to the
studies of Gunter and co-workers'”®'*® and us,”® the in situ
generated sodium lactate entities are responsible for LA
dehydration to AA. That Na,HPO,/NaY-20./ is superior to
Na,HPO,/NaY ., in the target reaction is reflected in the higher
concentration of sodium lactate on the surface of the former. On
the other hand, the broad band centred at 2972 c¢cm™ can be
ascribed to the poly-lactate species. 2® Note that the integrated
peak area centered at 2972 cm’! detected over Na,HPO,/NaY-
20.1 is smaller than that detected over Na,HPO4/NaY .
According to the FTIR results, the amount of sodium lactate in
Na,HPO4/NaY-n is greater than that in Na,HPO,/NaY,,; on the
other hand, the XPS results indicate similar carbon content in the
two samples. On both catalysts, besides the sodium lactate, there
are other species generated, such as poly-lactic acid and even
inactive carbon. The XPS results imply that there should be
relatively higher fraction of sodium lactate species in
Na,HPO,/NaY-n while higher fraction of poly-lactic acid and
inactive carbon species in Na,HPO,/NaY .

Our previous study *® indicated that the deposition of poly-
lactate species on the catalyst surface could cause catalyst
deactivation. Therefore, the IR results infer that compared to
Na,HPO4/NaY .y, the Na,HPO,/NaY-n catalysts could be more
durable for the target reaction since poly-lactate and inactive
carbon species in higher amount are deposited over
Na,HPO4/NaY .o,

Na,HPO /NaY-20.1

8 Na,HPO, /NaY_
c
S
€ Poly-
2 oy lactate] —™
g TR &
T o

= -

Sodium

Lactate

T T T T T T
400 800 1200 1600 2000 2400 2800 3200

Wavemunber(cm™')

Fig 7. FTIR spectra of the used 12%Na,HPO,/NaY-20.1 and
12%Na,HPO4/NaY com.

3.5 Catalyst durability

The conversion and yield as a function of time on stream over
Na,HPO,/NaY-26.3 as well as Na,HPO,/NaY,,, have been
investigated and the results are supplemented in Electronic
Supplementary Information (Fig. S2, ESI). Although both

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 7



Catalysis Science & Technology

catalysts were found to deactivate with time, there is noteworthy
difference between the two. According to the data shown in Fig.
S2a (ESI), the decline in conversion over Na,HPO,/NaY-26.3 is
noticeably less than that over Na,HPO,/NaY,,,. Similar trend
was observed over the regenerated catalysts. It was found that
there is notable decrease in AA yield at the early stage of
reaction, but AA yield is essentially retained over Na,HPO,/NaY-
26.3 after 1000 min while it decreases continuously over
Na,HPO4/NaY,,, within the whole test period (Fig. S2b).
According to Fig. S2b (ESI), the activity of used Na,HPO,/NaY-
26.3 (after 1700 min reaction) can be fully recovered through a
thermo-treatment at 400°C in air. Moreover, in terms of AA
yields, the regenerated catalysts deactivate more slowly as
compared to the fresh ones. Na,HPO,/NaY-26.3 showed better
overall stability than Na,HPO,/NaY ., within the test period. The
results of durability and regeneration tests suggest that the
catalyst crystals are rather stable under the conditions of
dehydration reaction, and this conclusion is also supported by the
XRD investigation of fresh and used Na,HPO,/NaY-26.3 of the
same amount (Fig. S3, ESI), the used catalyst essentially retains
the FAU zeolite structure after reaction. Note that the Sggr of the
used Na,HPO,/NaY-26.3 is decreased to 25.8 mz/g, and the
measured V., becomes negligible, suggesting that there is
severe carbon deposition inside the micropores (after 1700-min
reaction), and only the remaining external surfaces have major
contribution to the catalytic reaction. Note also that the deposited
inactive carbon species can be readily burn away via a thermo-
treatment at 400°C in air and the zeolite porosity of used catalyst
is essentially regenerated, which enables efficient activity recover
over the air-treated catalyst.

In terms of the XPS results, the surface P concentration of
catalysts did not decrease after reaction, which suggested that the
dropped AA yield is not caused by P loss but rather the formation
of poly-lactic acid and inactive carbon species. It deserves to
further improve catalyst durability by elemental doping and/or
higher concentration of polymerization inhibitor used in the feed
to suppress formation of poly-lactate species and to hinder
deposition of inactive carbon on catalyst surface.

4. Conclusion

In the present study, NaY-n (H,O/SiO, molar ratio n = 13.8,
16.9, 20.1, 26.3) different in particle size were synthesized and
used to disperse Na,HPO,. The commercially available NaY o,
was adopted and treated in a similar manner as a reference. The
catalysts were applied for LA dehydration to AA. Through the
optimization of Na,HPO, loading (12 wt%) and particle size of
NaY (NaY-20.1), an AA yield of 74.3% can be achieved at
340°C, giving the corresponding AA formation rate of 12.0 mmol
g ', the highest one ever reported for LA dehydration to AA.
In addition to improved catalyst durability, the new catalyst
showed 17% increase in AA yield compared to the catalyst
systems previously reported by us. The results of XRD
investigation revealed that zeolite phase purity and texture of
NaY-n was enhanced with increasing n values, and the NaY-n
loaded with Na,HPO, showed FAU structure that was only
slightly distorted. Employing slightly low Si/Al ratio in NaY-n
can modify catalyst acidity, while the pre-applied Na“ ion-
exchange and the following Na,HPO, loading can effectively

reduce the number of acid sites, particularly the Bronsted ones on
NaY-n. Equrally important structural features of NaY-n are their
shorter pore channels (or even incompletely developed zeolite
texture) and relatively larger Seyema/Sper ratio, which favors
quick product departure from catalyst surface, and reduces the
possiblity of side reactions occuring inside the long channels. In
addition, higher surface concentration of Na* on Na,HPO,/NaY-n
favors sodium lactate meanwhile suppresses poly-lactate as well
as inactive carbon formation, which corresponds to the superior
performance as well as improved durability of Na,HPO,/NaY-n.
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Acrylic acid yield of 74.3% has been achieved at 340°C in
lactic acid dehydration over Na,HPO,-modified NaY
nanocrystallites (NaY-#), giving acrylic acid formation rate
of 12.0 mmol g.,,' h™'. Appropriate surface acidity together
with unique structural feature of NaY-n ensures efficient
lactic acid conversion with high acrylic acid selectivity.
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