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In this study, the renewable pyridines can be directly produced from glycerol and ammonia via thermo-catalytic

conversion process with zeolites. The major factors, including catalyst, temperature, weight hourly space velocity of

glycerol to catalyst (WHSV), the molar ratio of ammonia to glycerol, which may affect the pyridines production,

were investigated systematically. The optimal conditions for producing pyridines from glycerol was achieved with
HZSM-5 (Si/Al=25) at 550 °C with the WHSV of glycerol to catalyst at] h™' and the ammonia to glycerol molar ratio
at 12:1. The carbon yield of pyridines was up to 35.6%. The addition of water to the feed decreased the pyridines
yield, because water competed with glycerol on the acid sites of the catalyst and therefore impacted the acidity of the

catalyst. After five reaction/regeneration cycles, a slightly deactivation of the catalyst was observed. The catalysts
were investigated by N, adsorption/desorption, XRD, XRF and NH;-TPD and the results indicated that the
deactivation could be due to the structure change and the acid site loss of the catalyst. The reaction pathway from

glycerol to pyridines was studied and the main pathway should be that glycerol was initially dehydrated to form

acrolein and some by-products such as acetaldehyde, acetol, acetone, etc., and then acrolein, the mixture of acrolein

and acetaldehyde, or other by-products reacted with ammonia to form imines and finally pyridines.

Introduction

The pyridine substructure is one of the most prevalent hetero-
cycles found in natural products, pharmaceuticals, and functional
materials.'>  Pyridines  (pyridine, 2-methlypyridine,  3-
methylpyridine and 4-methylpyridine) are widely used as
building blocks for the synthesis of agrochemicals and
pharmaceuticals due to their high chemical activity and biological
activity. They have also been used as solvent as well as catalysts
in the chemical industry.>* Traditionally, pyridines were
produced from coal tar as a by-product of the coal gasification.
Pyridines produced by this method couldn’t meet the increasing
demand of market, which resulted in the development of
alternative synthetic methods of pyridines from acyclic molecules
(carbonyls, dicarbonyls, dicyano alkanes, alkenes, and alkynes)
over zeolites (HZSM-5, HY and H-B).>° Formaldehyde,
acetaldehyde and acrolein are used to produce pyridines
industrially. However, these feedstocks are non-renewable fossil
based materials. In industry, formaldehyde is produced by the
catalytic oxidation of methanol.'® Acetaldehyde is mainly
produced by the oxidation of ethylene via the Wacker process.''
Acrolein is prepared by oxidation of propene.'> The chemical
properties of these aldehydes are unstable and prone to
aggregation. Furthermore, formaldehyde and acrolein are highly
toxic and carcinogenic.'>' Therefore, it would be highly
desirable to find a renewable and environment friendly feedstock
to produce pyridines in large scale.

Glycerol, as a co-product in the production of biodiesel by
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transesterification of vegetable oils or animal fats, is a potentially
desired candidate. About 1kg of crude glycerol is generated for
every 9 kg of biodiesel produced.'”” Recently, glycerol has a
remarkable production increase because of the demand and the
production boosts of biodiesel. The anticipated production of
glycerol will be 1.54 million tonnes in 2015.'®'7 However,
because the market demand for glycerol is far less than its
production, the market price of glycerol has decreased rapidly
from around 1200 USD/ton in 2000 to 400 USD/ton in 2010."*
Such an inexpensive feed makes the development of processes
for the conversion of glycerol into other value-added chemicals.
Compared with the aldehydes which are used to produce
pyridines, glycerol is renewable, nontoxic and chemically stable.
Therefore, utilizing glycerol for pyridines production could have
a tremendous technical impact. More than sixty years ago,
Cullinane et al. mentioned the formation of pyridine and
derivatives by reacting ammonia, urea or ammonia salts with
glycerol for about 10 hours, but the selectivity and yield of
pyridine were too low to be applied in industry." Acrolein is an
important intermediate in the production of pyridines from
formaldehyde and acetaldehyde. Many literatures reported that
acrolein could be produced from glycerol via catalytic gas phase
dehydration process.'® 2%’ The recent development of glycerol to
acrolein over different acid catalysts, such as zeolites, metal
oxides, heteropolyacids (HPAs) supported on metal oxides, and
the effects of catalyst pore structure and acid properties on the
dehydration of glycerol have been reviewed and well
documented.'®?*' Dubois et al. synthesized pyridines by a two-
step method that included: 1) glycerol dehydration to acrolein,
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acrolein enrichment and separation, and 2) reaction of the
acrolein from the preceding step with the additional acetaldehyde
to form pyridines.”® Gullu et al. synthesized pyridines from
glycerol and inorganic ammonium salts via micro-assisted
pyrolysis.*!

In this study, zeolite catalysts were employed to convert
glycerol into pyridines in one step via the thermo-catalytic
conversion process. Ammonia served as both carrier gas and
reactant. Different catalysts, MCM-41, B-zeolite, ZSM-5
(Si/Al=50) and HZSM-5 with different Si/Al ratios (Si/Al=25, 50,
80) were screened. The major factors, including catalyst, reaction
temperature, WHSV of glycerol to catalyst, the molar ratio of
ammonia to glycerol and water content in the feeding solution
were investigated systematically. The stability of the catalyst was
tested by five reaction/regeneration cycles. The catalyst of each
cycle was characterized by N, adsorption/desorption, X-Ray
Diffraction (XRD), X-ray Fluorescence (XRF), and temperature
programmed desorption of ammonia (NH;-TPD) analyses. The
reaction pathway was also investigated.

Experimental Section

Materials

Ethanol (>99.5, AR), glycerol (=99.5, AR) were purchased from
Sinopharm Chemical Reagent Co. Ltd. Pyridine (>99.5, AR), 2-
methylpyridine (>99.5, AR), 3-methylpyridine (>99.5, AR), and
bi-cyclohexane (>99.5, AR) were purchased from Aladin
Chemical Reagent Co. Ltd. All these chemicals were used as
received. NHj (299.995, AR), N, (99.999%), Ar (99.999%), He
(99.999%) and standard gas were purchased from Nanjing
Special Gases Factory.

Catalysts and characterizations

MCM-41, B-zeolite, ZSM-5 (Si/Al=50) and HZSM-5 with
different Si/Al ratios (Si/Al=25, 50, 80) were purchased from the
Catalyst Plant of Nankai University. The typical properties of
these catalysts are shown in Table 1. The particle size of the
catalysts was about 40 meshes.

The XRD patterns were analyzed by a RigakuD/MAX-2500
diffractometer in a 20 range of 5-80° (with a 20 step of 0.02°)
using Cu Ka radiation (k = 1.5406 A). The N, adsorption /
desorption isotherms of the catalysts were measured at -196 °C
using the COULTER SA 3100 analyzer. The surface area of the
catalyst was calculated by the Brunauer—Emmett—Teller (BET)
method. The Si/Al ratio of zeolites was measured by XRF
(Shimadzu Corporation, Japan). The data was analyzed using the
semi-quantitative program UniQuant.

For the NH;-TPD tests, about 200 mg of sample were put in a
reactor and pre-treated, in situ, for 1 h at 500 °C in a flow of
argon. After cooling to 90°C, ammonia adsorption was performed
by feeding pulses of reactant grade ammonia (>99.995%) to the
reactor using a flow of dry argon (>99%) of 60 ml/min. After the
catalyst surface became saturated the sample was kept at 90 °C
for 2 h to remove the ammonia. Ammonia was thermally
desorbed by rising the temperature with a linear heating rate of
approximately 8 °C/min from 90 °C to 700°C. The amount of
desorbed NH; was measured by a gas chromatograph (GC-
SP6890, Shandong Lu-nan Ruihong Chemical Instrument Co.,
Ltd., Tengzhou China) with a thermal conductivity detector
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(TCD).

Apparatus for thermo-catalytic conversion of glycerol over
zeolites to pyridines

As shown in Figure S1, a bench-top continuous flow reactor
consisting of a quartz tube reactor heated by a furnace and a
condensation tube bathed in liquid nitrogen was used for these
experiments. The catalyst bed supported by quartz wool was built
up in the heating zone of the reactor. The liquid feed was fed into
the reactor with a peristaltic pump under a certain flow rate and
purged with ammonia. Volatile products were trapped in the
condensation tube cooled with liquid N,. .

Product Analysis

The liquid produced were analyzed by GC-MS (Thermo Trace
GC Ultra with an ISQ i mass spectrometer) equipped with a TR-
35MS capillary column (30 m X 0.25 mm x 0.25 mm). Split
injection was performed at a split ratio of 50 using helium
(99.999%) as carrier gas. The GC heating ramp was: 1) hold at
40 °C for 3 min, 2) heat to 180 °C at 5 °C /min, 3) heat to 280 °C
at 10 °C /min, and 4) hold at 280 °C for 5 min.

The total amount of liquid products was determined by the
weight difference of the condensation tube before and after the
experiment. The coke at the end of the run was measured after the
reaction by weighing the catalyst. The carbon yield of coke was
further determined by elemental analysis.

The glycerol and major liquid products were quantified by gas
chromatography (GC 1690, Kexiao, China) employing a 30
mx0.25 mmx0.25 pm fused-silica capillary column (HP-Innowax,
Agilent). The liquid sample was mixed with bi-cyclohexane as
the internal standard and diluted by ethanol. The GC operating
conditions were as follows: carrier gas: nitrogen; injection port:
250 °C in a split mode; detector (FID): 250 °C; heating ramp:
heating up from 40 °C to 250 °C at a rate of 10 °C/min, and
holding at a final temperature for 5.0 min.

The gas products were analyzed by collecting the gas in gas
bags. The gas bags were weighed before and after reaction and
their contents were analyzed using gas chromatography (GC-
SP6890, Shandong Lu-nan Ruihong Chemical Instrument Co.,
Ltd., Tengzhou, China) with two detectors, a TCD for analysis of
H,, CO, CH,, and CO, separated on TDX-01 column, and a FID
(flame ionization detector) for gas hydrocarbons separated on
Porapak Q column. The moles of gas products were determined
by the normalization method with standard gas.

The conversion of glycerol, the yield of coke, gases, pyridines
and aromatics, and the selectivity of pyridines and gases were
calculated from Equation 1 to 7.

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

Journal Name, [year], [vol], 00—00 |2

Page 2 of 10



Page 3 of 10

o

Green Chemistry

Moles of glycerol reacted

1. Glycerol Conversion (%)= x 100%

Moles of glycerol fed

Moles of carbon in solid residue

2. Coke yield (C %)= x 100%

Moles of carbon in glycerol fed

Carbon moles in gases

3. Gases yield (C %) = x100%

Moles of carbon in glycerol fed

Moles of carbon in Pyridines

4. Pyridines yield (C %) = x 100%

Moles of carbon in glycerol fed

Moles of carbon in aromatics

5. Aromatics yield (C %) = x 100%

Moles of carbon in glycerol fed

Moles of carbon in specific pyridine

6. Pyridine selectivity (%)= x 100%

Total moles of carbon in all pyridines

Moles of carbon in specific gas

7. Gas selectivity (%)= x100%

Total moles of carbon in gases identified

Results and Discussion
Catalyst property effect on glycerol conversion with ammonia

The appropriate catalyst was essential to selectively obtain target
products in the thermo-catalytic conversion process. Six catalysts
with different properties were tested in this study. The typical
properties of these catalysts are shown in Table 1. Table 2
summarizes the detailed results of thermo-catalytic conversion of
glycerol over different zeolites at 500 °C. It can be seen that the

Table 1. Typical property of the catalysts

Cowlyst  DET Surfice  Pore dameter g Total eid
B-Zeolite 640 0.7 50 683.3
MCM-41 1000 3.8 50 260.0
ZSM-5 420 0.5 50 255.5
HZSM-5-1 350 0.5 50 293.6
HZSM-5-2 370 0.5 25 580.6
HZSM-5-3 375 0.5 80 924

products from thermo-catalytic conversion of glycerol were coke,
gases, pyridines and a little aromatics. The detected gases were
CO, CH,, C,H; and C;Hg. Trace amount of CO, was also
produced during this process, because when the gases passed
through the Ca(OH), solution, very small amount of white
precipitant could be observed. However, CO, was difficult to be
detected by GC due to its reaction with ammonia to form
ammonium carbonate. Since the amount of CO, was small and it
was hard to give accurate data, we didn’t report it in Table 2.

As shown in Table 2, when there was no catalyst, the
conversion of glycerol was only 5.6%. Gases and coke were the
major products, and only trace amount of pyridines (below 1 %
carbon yield) were detected in the liquids. Then, three kinds of
catalysts, f-zeolite, MCM-41 and ZSM-5 with different acid
content and pore structure were screened firstly. When these
zeolites were introduced, glycerol was almost completely

Table 2. Thermo-catalytic conversion of glycerol with ammonia over various catalysts.

Entry 1 2 3 4 5 6 7
Catalyst Blank B-Zeolite MCM-41 ZSM-5 HZSM-5-1 HZSM-5-2 HZSM-5-3
Si/Al - 50 50 50 50 25 80
Glycerol conversion (%) a 5.6 92.6 100 100 100 100 100
Overall carbon Selectivity (C %)

Coke 20.7 30.1 194 13.7 13.0 13.2 14.5
Gases 41.8 473 54.3 53.6 52.7 47.5 50.9
Pyridines - 15.3 9.7 19.2 22.8 26.0 209
Aromatics - 0.5 0.3 0.4 0.6 0.9 0.4
Pyridines selectivity (%)

Pyridine - 63.8 66.4 71.1 69.3 67.3 723
2-methylpyridine - 10.5 11.0 11.1 12.1 10.0 8.8
3-methylpyridine - 24.1 21.5 16.8 17.9 214 16.1
4-methylpyridine - 1.6 1.1 2.0 1.7 1.3 2.8
Other alkylpyridines - <1 <1 <1 <1 <1 <1
Gases selectivity (%)

CO 85.1 71.2 69.9 70.1 78.8 80.3 76.4
CH, 5.9 5.8 8.6 5.9 6.4 53 7.2
C,Hy 35 13.0 153 15.5 12.3 11.9 14.0
C;Hq 1.5 9.0 6.2 8.5 2.5 2.5 24

Reaction conditions: reaction temperature, 500 °C; HZSM-5, Si/Al=25, 1g; WHSV, 1hr''; NHj; to glycerol molar rate, 8:1; glycerol
content, 100%. a. Mole conversion: mol%; b. Carbon yield: carbon mol%.
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converted and the conversion of glycerol increased to nearly
100%. Compared with B-zeolite and MCM-41, more pyridines
were produced by using ZSM-5, and the carbon yield reached
about 20%. The kinetic diameter of pyridines was about 0.585 nm,
which was similar to the pore diameter of ZSM-5."? ZSM-5 is
consisted of two perpendicularly intersecting channels. The larger
one has a near circular pore structure with dimensions of
0.54x0.56 nm?, and the smaller channels have a geometry of
0.51x0.54 nm”. The intersection of these channels which contains
the proposed active site is approximately a 0.9 nm cavity.>> More
coke and less pyridines were produced by using B-zeolite.
Although B-zeolite has intersecting channels similar to ZSM-5,
this zeolite is a mixture of three polymorphs which is different
from ZSM-.>* Furthermore, as shown in the Table 1, the total acid
content of B-zeolite was up to 683.3 pumolg™', which was much
more than ZSM-5. Thus, more coke was produced in the thermo-
catalytic conversion of glycerol over B-zeolite process. Compared
with ZSM-5, more gases and coke, and less pyridines were
produced by using MCM-41. The acid content of MCM-41 was
similar to ZSM-5. The difference of the product distribution may
be caused by the different structure between ZSM-5 and MCM-
41. MCM-41 possesses hexagonally packed arrays of channels
with pore diameter around 3.8 nm, which has no shape selectivity
to pyridines.*>*

Usually, acid is an important factor to influence the product
distribution. Converting ZSM-5 to HZSM-5 can introduce acid to
the catalyst but keep its pore structure, therefore, HZSM-5/1 with
same Si/Al ratio (50) as ZSM-5 was selected to investigate the
acid effect. Compared the results in Table 2, entries 4 and 5, the
introduction of acid slightly changed the coke and gases
production. However, it increased the pyridines yield from19.2%
to 22.8%. Since the alumina contents of the zeolite determine the
acid site densities of the catalyst which may influence the product
distribution, two other HZSM-5 samples with silica to alumina
ratios 25 and 80 were also tested in this study. The total acid
contents of these catalysts determined by NH;-TPD are shown in
Tablel, and the detailed information can be seen in
supplementary information (Figure S2). The acid density
decreased with the Si/Al ratio increase. As shown in Table 2,
entries 5-7, with the Si/Al ratio increased from 25 to 80, the yield
of pyridines decreased, and the HZSM-5-2 (Si/Al=25) which
possessed the highest acid concentration resulted in the highest
pyridines yield among all the catalysts, and the yield of pyridines
reached about 26%. Therefore HZSM-5 (Si/Al=25) was selected
as the optimal catalyst in the following study.

The effect of temperature on the pyridines production from
glycerol

The temperature effect on the glycerol conversion with ammonia
was investigated in the temperature range of 300 to 600 °C. As
shown in Fig. la, the yield of coke decreased and the yield of
gases increased with temperature increasing. The conversion of
glycerol increased from 68.2 % to 100 % from 300 to 450 °C, and
the pyridines yield also increased from 3.2 % to 23.3 %. The
highest yield of pyridines (32.1 %) was obtained at about 550 °C.
If the temperature increased to 600 °C, the yield of pyridines
decreased to 8.1 %. Meanwhile, the yield of aromatics increased
from 2.2 to 15.9 %. It indicated that temperature at around 550 °C
is in favor of pyridines production.
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Fig. 1 The effect of reaction temperature on the overall yield

(a), pyridines selectivity (b), the gas selectivity (c) obtained via

thermo-catalytic conversion of glycerol. (Reaction conditions:

s catalyst, HZSM-5, Si/Al=25; catalyst usage, 1g; glycerol feed
rate, 1 ml/h; NH; flow rate, 40 ml/min, glycerol content, 100%)

Fig. 1b shows the effect of reaction temperature on the
pyridines selectivity. Pyridine and 3-methylpyridine are the major
products. Meanwhile, small amount of 2-methylpyridine and

70 trace amount of 4-methylpyridine were also produced. With
temperature increasing from 300 to 600 °C, the pyridine
selectivity increased from 58 % to 75.1 and the 4-methylpyridine
selectivity increased from 0.6% to 3.7%. The 3-methylpyridine
selectivity decreased from 32.7 % to 12.2 %. The selectivity of 2-

75 methylpyridine showed no regularity in entire temperature range.
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The pyridines distribution change could be explained by previous
findings. Pyridine is most likely formed from the reaction of
acrolein and acetaldehyde with ammonia, 3-methylpyridine is the
major product from the reaction of acrolein with ammonia, 2-

s methylpyridine is mainly from the reaction of acrolein and
acetone with ammonia and 4-methylpyridine was from the
reaction of acetaldehyde with ammonia.® With temperature
increasing, the cracking reaction of glycerol became severe, and
more acetaldehyde as the by-product would be produced in the

10 glycerol dehydration process, while there is nearly no change on
the acetone production? As a result of above reasons, as
temperature increased, the selectivity of pyridine and 4-
methylpyridine increased but 3-methylpyridine decreased
significantly.

15 Fig. lc shows the effect of temperature on the gas product
distribution. The main products detected in the gas phase were
CO and some olefins. The CO selectivity decreased but CH, and
C,H, selectivity increased with temperature. No C;Hgs was
detected when the reaction temperature was lower than 450 °C.

20 At higher temperature, the selectivity of C;Hg was constant at
3 %. At a lower temperature, side reactions in this process were
not notable and the product distribution of gases was simple;
while, at a higher temperature, the side reactions such as cracking,
decarbonylation, oligomerization, become more significant. Thus

»s the selectivity of olefins and hydrocarbons increased with the
temperature increasing.

The effect of WHSYV of glycerol to catalyst on the pyridines
production

The WHSV was defined as the ratio of the mass flow rate of
30 glycerol to the mass of catalyst used for reaction. During the
experiments, the mass flow rate of glycerol was ranged from 0.5-
2 g/h while the mass of catalyst was kept constant at 1 g. Fig. 2
shows the glycerol conversion, the overall yield of coke, gases,
pyridines, aromatics and the selectivity of pyridines as a function
s of the WHSV. When the WHSV was less than 1 h'l, the
conversion of glycerol was 100%, and then with the WHSV
increased from 1 to 2 h', the conversion of glycerol decreased
from 100% to 73.8%. With the WHSV increasing, the carbon
yield of coke, gases and aromatics decreased from 10.7% to 7.6%,
40 52.9% to 40.6%, and 3.7% to 1.4%, respectively. While the
pyridines yield firstly increased from 27.8% to 35.6% as the
WHSYV increased from 0.5 to 1 h™', and then decreased gradually
to 23.7% as the WHSV further increased to 2 h™. A lower WHSV
would result in overreaction of the glycerol over the catalyst
4s which caused the yield of pyridines decrease and the yield of
gases and coke increase. A higher WHSV would lead to the
incomplete reaction of glycerol over catalyst and the conversion
of glycerol decreased. As shown in Fig. 2b, as the WHSV
increased from 0.5 to 2 h!, the distributions of pyridines had
so almost no change. The main products of pyridines were pyridine
and 3-methylpyridine, and their selectivity was kept at about 70%
and 20%, respectively. Meanwhile, the selectivity of by-products
2-methylpyridine and 4-methylpyridine was also kept at about
8% and 3%, respectively. Thus, the optimal WHSV of glycerol to
ss catalyst for producing pyridines was about 1 h™', and the yield of
pyridines was about 35.6 %.
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Fig. 2 The effect of WHSV of glycerol to catalyst on the
60 pyridines distribution, (a) overall yield; (b) pyridines selectivity.
(Reaction conditions: 550 °C; HZSM-5, Si/Al=25, 1g; NH; to
glycerol molar ratio, 12:1; glycerol content, 100%.)

0.5

The effect of ammonia to glycerol molar ratio on the
pyridines production

s The effect of ammonia to glycerol molar ratio on glycerol
thermo-catalytic conversion to pyridines was investigated by
fixing the WHSV of glycerol to catalyst at 1 h™' and the mass of
catalyst at 1g, while changing the flow rate of ammonia. The
molar ratio of ammonia to glycerol was in the range from 4:1 to

70 20:1. In this study, the ammonia served not only as the reagent
but also as the carrier gas. Different ammonia to glycerol molar
ratio would result in different reaction time of glycerol and the
pyrolytic vapor in the system. As shown in Fig. 3a, with the
molar ratio of ammonia to glycerol rising from 4:1 to 20:1, the

75 conversion of glycerol kept at 100%, and the total carbon yield of

the detected products was above 90%. The coke yield decreased

from 14.1% to 8.8%, while the gas yield increased from 45.2% to

55.9%. The carbon yield of aromatics was very low and kept at

about 2%. During this process, a higher ammonia to glycerol ratio,

that is a higher ammonia flow rate, could cause the reaction time
of feedstock stream over catalyst decreased, which could cause

the reaction from glycerol to pyridines insufficient. In contrast, a

%
=3

lower ammonia to glycerol ratio corresponded to a lower
ammonia flow rate, which could cause the reaction time of
ss feedstock stream over catalyst increased, and led to the further
reaction of pyridines. When the molar ratio of ammonia to

This journal is © The Royal Society of Chemistry [year]
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glycerol was at 12:1, the yield of pyridines reached 35.6%. Fig.
3b shows that the major product distribution in pyridines didn’t
change significantly, and the main products were still pyridine
and 3-methylpyridine. The selectivity of pyridine, 2-

s methylpyridine, 3-methylpyridine and 4-methylpyridine were
about 70 %, 8 %, 20 % and 2%, respectively.

‘ —— Glycerol conversion —&— Coke —7— Gases —%— Pyridines —O— Aromatics
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Fig. 3 The product distribution and the pyridines selectivity

20:1

10 obtained from thermo-catalytic conversion of glycerol with
different ammonia to glycerol molar ratio, (a) overall yield; (b)
pyridines selectivity. (Reaction conditions: 550 °C; HZSM-5,
Si/Al=25, 1g; WHSV, 1; glycerol content, 100%)

The effect of water content of glycerol-water solution on the
15 pyridines production

Crude glycerol obtained from biodiesel production usually
contains a lot of water, which can influence the product
distribution and the acrolein yield in the glycerol gas phase
dehydration process.”® In this study, glycerol gas phase
20 dehydration is an essential process which may influence the yield
and selectivity of pyridines. The experiments of thermo-catalytic
conversion of glycerol / water solution with different water
content were carried out. Table 3 shows the effect of the water
content in the solution on the pyridines production. The pyridines
25 yield decreased from 35.6 to 28.5 % with the water content in the
feed increased from 0 to 80%. Meanwhile, the selectivity of
pyridine increased from 70.7 to 78.2 %. There was a slight
decrease of the selectivity to 2-methylpyridine and 3-
methylpyridine with increasing water content. Based on Table 2,
30 the acidity of catalyst is an important factor for producing

Table 3. The effect of water content in the glycerol-water
solution on the yield and selectivity on the pyridines production.
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Entry 1 2 3 4 5
X)ater content (wt 0 20 40 60 20
Overall carbon yield (C %)

Coke 9.8 9.3 8.5 7.3 6.4
Gases 493 493 51.6 52.7 56.8
Pyridines 35.6 345 347 299 28.5
Aromatics 22 22 24 2.5 2.6
Pyridines selectivity (%)

Pyridine 70.7 702 710 75.5 78.2
2-methylpyridine 8.6 8.1 7.9 5.8 3.5
3-methylpyridine 17.8 18.7 18.2 16.2 16.1

4-methylpyridine 2.9 3.0 2.9 2.5 2.2

Other

o <1 <1
alkylpyridines

<1 <1 <1

Reaction conditions: reaction temperature, 550 °C; catalyst,
HZSM-5, Si/Al=25; catalyst usage, lg; NH; flow rate, 60
ml/min, glycerol content, 100%. a. Carbon yield: carbon mol%.

pyridines in the thermo-catalytic conversion of glycerol with
ammonia process. Because water competes with glycerol on the
acid sites of the catalyst >* and therefore impacts the acidity of the
catalyst, it is intelligible that the pyridines yield decreases with
increasing the water content. Furthermore, it was found that the
selectivity of acrolein and acetaldehyde increased and the
selectivity of acetone decreased with increasing water
content.”** As mentioned previously, pyridine is mainly formed
by acrolein and acetaldehyde, and 2-methylpyridine is mainly
w formed by acrolein and acetone.** Thus, the selectivity of
pyridine increased and the selectivity of 2-methylpyridine
decreased with increasing the water content.

w
&

Catalyst stability study

601 Il coke| | Gases[ | Pyridines [§555] Aromatics

504 M M

IS
(=)
Il

N
o
|

Overall Yield (C %)
(8]
o

-
o
n

ALLL

0 1 2 3 4 5
Run
ss Fig. 4 The recycle of catalyst recycle. (Reaction conditions:
reaction temperature, 550 °C; HZSM-5, Si/Al=25, 1g; the WHSV,
1; the NH; to glycerol molar ratio, 12:1; each run was 1h;
glycerol content, 100%)
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Table 4. Typical property of the catalysts before and after each
recycles

Catalyst BET Surga_cle Pore Voglme Si/AT? Total aii(i
area (mg")  (cmg") (umolg™)
HZSM-5-R0 370 0.200 25.0 580.6
HZSM-5-R1 331.9 0.198 26.3 442.1
HZSM-5-R2 312.7 0.176 26.3 363.5
HZSM-5-R3 304.4 0.172 26.4 318.2
HZSM-5-R4 295.4 0.167 26.7 254.6
HZSM-5-RS 288.0 0.165 27.1 206.2

a. The Si/Al: the ratio of silicon to aluminum in the zeolites; b.
The detailed NH;-TPD of the recycled catalysts was shown in
the supplementary information (Figure S3).

2

2

o

0

o

A Ab\\ HZSM-5-R5
e PSP~ U A AN o e e ~

HZSM-5-R4

HZSM-5-R3

HZSM-5-R1

HZSM-5-R0

10 20 30
20

Fig. 5 The X-Ray diffraction patterns of the recycled catalysts.

To study the stability of the catalyst during the thermo-catalytic
conversion of glycerol with ammonia, five reaction/regeneration
cycles of catalyst were conducted. For each cycle, the reaction
was performed with a WHSV of 1 h' at 550 °C for 1h. After the
reaction, the spent catalyst was regenerated in an air stream at
600 °C for 3 hours to remove the coke. As shown in Fig. 4, after
used for 5 times, the yield of pyridines decreased from 35.6% to
30.3%, while the yields of gases and coke increased from 49.3%
to 52.6% and 9.8% to 13.0%, respectively. The yield of aromatics
didn’t change a lot and kept at around 2.5%. Based on these
results the catalyst slightly deactivated in this glycerol conversion
process.

In order to understand the reason for the gradual decrease of
activity of the catalyst, some characterizations were conducted,
including N, adsorption/desorption, XRD, XRF and NH;-TPD.
Based on the N, adsorption/desorption results shown in Table 4,
the surface area and pore volume of catalyst exhibited a decrease
from 370 m’g”" and 0.200 cn’g™’ (fresh catalyst) to 288 m’g™ and
0.165 cm’g' (after five times reaction/regeneration cycles),
respectively. This indicated that the pore structure of catalyst
were somehow collapsed or blocked. To investigate the structure
changes of catalyst before and after regeneration, XRD was also
conducted. As shown in Fig. 5, the crystal structure of HZSM-5
changed slightly after regeneration. A decrease in the intensity of

3

4

4

%
=3

0

by

0

o

b

S

A

the peak at ~8° (20) indicated a decrease of crystallinity of
HZSM-5.2373% The XRD patterns also showed a decrease in
intensity for the peak at ~24° (20), which indicated that
aluminum was somehow removed from the framework.*® To
estimate the loss of aluminum, the Si/Al ratio of HZSM-5 was
studied by XRF. The Si/Al ratio increased from 25.0 to 27.1 after
regeneration, indicating that less than 8 mol% of aluminum was
lost after 5-times regeneration. The acid sites of HZSM-5 are
important for its activity. The NH;-TPD was used to measure the
total acid of HZSM-5 after each reaction/regeneration cycle. As
shown in Table 4, the total acid sites of HZSM-5 decreased from
580.6 to 206.2 umol-g”. The great change should be related to
the ammonia atmosphere. Based on the above study, the reason
for the gradual deactivation of the catalyst was the structure
change and the acid site loss. Better catalysts should be
developed in the future study.

The reaction pathway of glycerol to pyridines

To further study the pathway from glycerol to pyridines, a series
of experiments, such as catalytic dehydration of glycerol under
N, atmosphere, thermo-catalytic conversion of different
oxygenated chemicals which could be formed in the glycerol
catalytic dehydration process, were carried out in this study. The
detailed product distribution of glycerol catalytic dehydration was
shown in the supplementary information (Table S1). It can be
seen that the main feedstocks for pyridines production such as
acrolein, acetol, acetaldehyde and acetone could be produced in
the glycerol dehydration process. They were employed as the
feedstocks for producing pyridines via thermo-catalytic
conversion process. The detailed product distribution is shown in
Table 5. When acrolein and the mixture of acrolein and
acetaldehyde were feedstocks, the product distribution and
pyridines selectivity were similar to that of glycerol.
Acetaldehyde mainly produced 2-methylpyridine and 4-
methylpyridine, while acetol or acetone, mainly produced 2.4,6-
trimethylpyridine. When the feedstocks were the mixture of
acrolein and acetol or acrolein and acetone, the main product in
the pyridines was 2-methylpyridine.

Based on all above investigation, the reaction pathways for the
production of pyridines by thermo-catalytic conversion glycerol
with ammonia is proposed and summarized in Fig. 6. Glycerol
initially underwent a dehydration process to form acrolein. At the
same time, the glycerol also underwent a cracking process to
form some other oxygenated chemicals as the by-products,
including acetaldehyde, acetol, acetone, Then, these
oxygenated chemicals reacted with the ammonia to form imine
compounds, which were the intermediates in the pyridines
production process. ***! Finally, the imine compounds could be
further converted to pyridines via the catalytic condensation
reaction. According to the product distribution of thermo-
catalytic conversion of glycerol and different oxygenated
compounds for producing pyridines in the Table 5, the reaction of
acrolein to pyridines and the mixture of acrolein and
acetaldehyde to pyridines were the main reactions during this
process. Meanwhile, certain amount of coke, COx, hydrocarbons
and H,O were also formed as the side products during the whole
process via the decarbonylation, cracking and oligomerization
reactions.

etc.

This journal is © The Royal Society of Chemistry [year]
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Table 5. Summary of thermo-catalytic conversion of different oxygenated compounds with ammonia for the mechanism study °.

Entry 1 Entry 2 Entry 3 Entry 4 Entry 5 Entry 6 Entry 7 Entry 8
Feedstocks Glycerol ~ Acrolein  Acetaldehyde Acetol Acetone A?:::;feilliytie Ai(:ziﬁ - Azrc(;ltzirr:;
Molar ratio - - - - 1:1 1:1 1:1
Overall carbon yield (C %)
Coke 13.2 15.6 104 132 12.8 13.5 14.4 139
Gases 475 47.6 50.1 50.4 51.3 49.7 48.8 49.3
Pyridines 26.0 33.7 359 27.6 294 35.0 30.5 31.6
Aromatics 0.9 24 2.5 2.8 2.4 2.5 2.1 2.2
Pyridines selectivity (%)
Pyridine 67.3 61.2 7.6 18.8 3.0 74.3 25.0 14.9
2-methylpyridine 10.0 5.6 65.3 21.1 5.8 4.2 48.3 60.9
3-methylpyridine 214 332 1.4 <1 18.9 15.1 13.8 18.2
4-methylpyridine 1.3 <1 25.7 9.7 <1 6.4 5.6 <1
gihyi;yridines b <1 <1 <1 50.4 723 <1 7.3 6.0

a. All the conversion of the feedstocks in this study was 100%, all the reaction temperature was at 500°C; b: Other alkylpyridines: 2,5-
dimethylpyridines, 2,6-dimethylpyridines, 2,4,6-trimethylpyridine efc.;

H,0, Coke,
CxHy, COx

OH
HO\)\/OH

Catalytic dehydration | 0 i
&ac?ayctﬁfnge VARHON | Oxygenated Compounds |
&g
of
H,0, Coke, Eg
CxHy, COx = é
=R
N =
£ 9
g =
=

@ Oligomerization CH, ~
P :
HO, Coke|  {Alkanes and Olefing
CxHy, COx

Fig. 6 The proposed reaction pathway from glycerol to pyridines.

Conclusions

s This study demonstrates that pyridines can be synthesized
directly from renewable glycerol in the fixed bed reactor over
zeolites under ammonia atmosphere via thermo-catalytic
conversion process. In this process, ammonia served not only as
the carrier gas, but also as the reactive nitrogen source. Among

H,0, Coke,

CxHy, COx| :

g/\/o o ;Nl-lg NNH .

Main Reaction

N
OH NH ECatalytic condensation GR
: N

Inmines compounds

Intermediates

H,0, Coke,
CxHy, COx

X
) N (j/+ 12 N,+ 32 H,
N

N
/VNH+ /\NH—> O +1/2N2+2H2
N |

uo1oRIY OpIS

3

§ N
- . O\+1/2N2+2H2
i \[I\]; N

PP +YOH_. [ ] +12N,+32H, Hy

NH N
™ ~

6/\NH —_— Q\+ ﬁj +2N2+5H2
N

\(_, () + CH,+ N, +H,
NH N7

......

10 different catalysts, HZSM-5 with Si/Al ratio as 25 showed

best reactivity for pyridines production due to the desired
pore structure and acidity. Temperature displayed
significant effect on the product distribution. The
maximum Yyield of pyridines was obtained at 550 °C. The

1s WHSV of glycerol to catalyst investigation indicated that a

lower WHSV could cause the overreaction of glycerol,
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while a higher WHSV would cause the insufficient glycerol
conversion to pyridines. The desired WHSV was about 1h™".
Because ammonia served as both reactant and carrier gas,
to supply sufficient reactant and keep desired reaction time,
appropriate ammonia to pyridines molar
important on glycerol conversion to pyridines. The addition
of water to the feed decreased the pyridines yield, because water
competed with glycerol on the acid sites of the catalyst and
therefore impacted the acidity of the catalyst. Under the optimal
conditions, the highest carbon yield of pyridines was 35.6%.
After five reaction/regeneration cycles, a slightly irreversible
deactivation of the catalyst was observed, which could be due to
the structure change and the acid site loss of the catalyst. The
reaction pathway from glycerol to pyridines was that glycerol
was initially dehydrated to form acrolein and some by-products
such as acetaldehyde, acetol, acetone, efc., and then acrolein, the
mixture of acrolein and acetaldehyde, or other by-products
reacted with ammonia to form imines and finally pyridines.
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