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Abstract—Methods for regenerating H;PW,,0,, catalyst in the solvent-free direct preparation of dichloropropanol
(DCP) from glycerol and hydrochloric acid gas were investigated. Regenerated H,PW,,0,, catalyst was then applied
to the solvent-free direct preparation of DCP. In the solvent-free direct preparation of DCP, selectivity for DCP over
H,PW,,0,, catalyst regenerated by method I (recovery of solid H;PW,,0,, catalyst by evaporating homogeneous liquid-
phase product solution) significantly decreased with increasing recycling run, while that over H,PW ,0,, catalyst regener-
ated by method II (regeneration of H;PW,,0O,, catalyst by oxidative calcination of solid product recovered by method
I) was slightly decreased with no significant catalyst deactivation with respect to recycling run. On the other hand, selec-
tivity for DCP over H,PW,,0,, catalyst regenerated by method III (regeneration of H;PW,,0,, catalyst by recrystalli-
zation and subsequent oxidative calcination of solid product recovered by method II) was the same as that over fresh
catalyst without any catalyst deactivation with respect to recycling run. Thus, method III was found to be the most effi-
cient method for the regeneration of H;PW,,0,, catalyst.
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INTRODUCTION

The growing production of biodiesel from vegetable oils has led
to a surplus of glycerol (by-product) in the industrial market [1-9].
Therefore, many attempts have been made on the direct conver-
sion of glycerol to high-value chemicals [10]. One of promising
methods to convert glycerol to high-value chemicals is to produce
dichloropropanol (DCP) from glycerol through a single-step chlo-
rination reaction [11-13].

Conventional and proposed processes for producing DCP are
shown in Fig. 1. The conventional preparation process of DCP in-
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Fig. 1. Conventional and proposed processes for producing dichlo-
ropropanol (DCP).
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cludes two consecutive processes of preparing allyl chloride through
chlorination of propylene at high temperature and preparing DCP
through subsequent chlorination of allyl chloride under the condi-
tion of excess amount of industrial water [14]. In the preparation of
DCP from propylene, however, a large amount of sludge is formed,
which eventually can cause severe technical and environmental prob-
lems [15]. Therefore, direct preparation of DCP from glycerol has
attracted much attention as an economical and environmentally be-
nign process (Fig. 1) [11-13]. Although several catalytic processes
utilizing carboxylic acid-based catalysts have been developed for
the direct preparation of DCP from glycerol, it is known that these
processes have some problems in catalyst recovery and product pu-
rification [16-18]. Thus, developing an efficient and reusable cata-
lyst for the direct preparation of DCP from glycerol would be of
great interest.

Heteropolyacids (HPAs) are early transition metal-oxygen anion
clusters that have been widely employed as homogeneous and heter-
ogeneous catalysts for acid-base and oxidation reactions [19-26].
One of the great advantages of HPA catalysts is that their catalytic
properties can be controlled by changing the identity of counter-
cations, heteroatoms, and framework polyatoms [27-31]. Their ex-
cellent chemical and thermal stability also makes them well suited
for catalytic applications that may require harsh environments [32-
34].

It was reported by this research group that HPA catalysts were
highly active in the direct preparation of DCP from glycerol [11-
13]. Among various HPA catalysts, H;PW,,0,, with the highest acid
strength was found to show the best catalytic performance in the
direct preparation DCP from glycerol and aqueous hydrochloric acid
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[11,12]. It was also revealed that formation of DCP over H,PW,,O,,
catalyst was much enhanced by reacting glycerol with hydrochlo-
ric acid gas under solvent-free condition (Fig. 1) [13]. Therefore,
an investigation of the regeneration method for H,PW,0,, catalyst
in the solvent-free direct preparation of DCP from glycerol and hy-
drochloric acid gas would be worthwhile.

In this work, methods for regenerating H;PW,,0,, catalyst in the
solvent-free direct preparation of DCP from glycerol and hydro-
chloric acid gas were investigated. Regenerated H;PW,,0,, catalyst
was characterized by FT-IR, TGA, NH,-TPD, and CHNS elemental
analyses. Regenerated H,PW,,0,, catalyst was then applied to the
solvent-free direct preparation of DCP from glycerol and hydro-
chloric acid gas to check the effectiveness of regeneration method.
This is the first example reporting the method of catalyst recovery
in the direct preparation of DCP from glycerol and hydrochloric
acid gas.

EXPERIMENTAL

1. Catalyst and Material

Glycerol (299.5%) and hydrochloric acid gas (99.7%) were pur-
chased from Sigma-Aldrich Chemicals and Tsurumi Soda, respec-
tively. Commercially available H;PW,,0,, catalyst was purchased
from Sigma-Aldrich Chemicals. The catalyst was thermally treated at
300 °C for 2 h for precise quantification, prior to use in the reaction.
2. Direct Preparation of DCP from Glycerol and Hydrochlo-
ric Acid Gas

DCP was directly prepared from glycerol and hydrochloric acid gas
in a gas-liquid phase batch reactor (200 ml). Fig. 2 shows a sche-
matic diagram of the reaction apparatus. Interior parts of the batch
reactor were made of Hastelloy C and Teflon, which are highly re-
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sistant to the chlorination agent. Solvent-free direct preparation of
DCP from glycerol was carried out with identical agitation speed
(900 rpm), reaction time (3 h), reaction temperature (130 °C), reaction
pressure (3 bar), and fresh/regenerated H;PW,,0,, catalysts (3 g). 100
g of glycerol (reactant) and H,PW,O,, catalyst (3 g) were charged
into the reactor at room temperature. After being purged with nitro-
gen, the reactor was heated to the reaction temperature (130 °C) un-
der a given agitation speed (900 rpm). Hydrochloric acid gas was
then continuously fed into the reactor at constant pressure (3 bar) to
conduct the chlorination of glycerol for a given reaction time (3 h).
After the reaction, the autoclave was purged with nitrogen and cooled
to room temperature for analysis. Reaction products were analyzed
with a gas chromatograph (HP 5890 II) equipped with a DB-WAX
capillary column and a flame ionization detector (FID). The con-
version of glycerol and selectivity for DCP were calculated accord-
ing to the following equations.

Moles of glycerol reacted
Moles of glycerol supplied

%100
1)

Conversion of glycerol (%)=

. __Moles of DCP formed
Selectivity for DCP (%)= Moles of glycerol reacte dx 100 (2)

3. Regeneration Method for H,PW,,0,, Catalyst

Fig. 3 shows a schematic diagram of the regeneration method
for H;PW,0O,, catalyst. A series of three different regeneration meth-
ods for H;PW,,0,, catalyst were employed as follows. A homoge-
neous liquid-phase product solution containing H,PW,0,, catalyst
was evaporated at 300 °C for 2 h in an evaporator with condenser
under nitrogen atmosphere to recover solid-state catalyst from lig-
uid product. The solid was then ground to obtain fine powders of
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Fig. 2. Schematic diagram of reaction apparatus.
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Fig. 3. Schematic diagram of regeneration method for H;PW 0,
catalyst.

H,PW,0,, catalyst (the regeneration method was denoted as method
D). The solid H;PW,,0,, catalyst regenerated by method I was ad-
ditionally calcined at 350 °C for 20 h in an electric furnace with an
air stream (15 ml/min) to remove any residual carbon species in the
catalyst (the regeneration method was denoted as method II). After
the solid H;PW,,0,, catalyst regenerated by Method II was dis-
solved in distilled water, the solution was filtered to remove any in-
soluble species. The solid catalyst recrystallized from distilled water
at 80 °C was further calcined at 300 °C for 24 h with an air stream
(15 ml/min) (the regeneration method was denoted as method III).
4. Characterization

IR spectra of fresh and regenerated H;PW,,0,, catalysts were
obtained with an FT-IR spectrometer (Nicolet, Impact 410). Ther-
mal behavior of fresh and regenerated H,PW ,0,, catalysts was ex-
amined by TGA analysis (Pheometric Scientific, TGA-100). Car-
bon content in the regenerated H;PW,,0,, catalysts was determined
by CHNS elemental analysis (Leco, CHNS 932). Acid properties
of fresh and regenerated H;PW,,0,, catalysts were measured by
NH,-TPD experiments. Each catalyst (0.1 g) was charged into a
tubular quartz reactor of the conventional TPD apparatus. The cata-
lyst was pretreated at 200 °C for 1 h under a flow of helium (20 ml/
min) to remove any physisorbed organic molecules. 20 ml of NH,
was then pulsed into the reactor every minute at room temperature
under a flow of helium (5 ml/min), until the acid sites were satu-
rated with NH;. Physisorbed NH; was removed by evacuating the
catalyst sample at 100 °C for 1 h. Furnace temperature was increased
from room temperature to 800 °C at a heating rate of 5 °C/min under
the flow of helium (10 ml/min). The desorbed NH; was detected by
a GC-MSD (Agilent, MSD-6890N GC).

RESULTS AND DISCUSSION

1. Characterization of Regenerated H,PW,,0,, Catalyst
Carbon content in the regenerated H;PW,,0,, catalysts determined
by CHNS elemental analysis is listed in Table 1. Carbon content in
the H,PW,,0,, catalyst regenerated by method I was ca. 60 wt%,
while that in the H;PW,,0,, catalyst regenerated by method II and

Table 1. Carbon content in the regenerated H;PW,,0,, catalysts
determined by CHNS elemental analysis

Regeneration method Carbon content (wt%)

Method I 59.1
Method II 2.1
Method III 1.7
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Fig. 4. FT-IR spectra of fresh and regenerated H,PW,,0,,.

method II was negligible. This means that a large amount of carbon
species was deposited on the catalyst regenerated by method I, in-
dicating that method I was not efficient for the regeneration H;PW,,
O,, catalyst. The above result also implies that the catalyst regener-
ated by method I needs further treatments for the successful regen-
eration of H,PW,,0,, catalyst, as evidenced by the following FT-
IR analysis.

Fig. 4 shows the FT-IR spectra of fresh and regenerated H;PW ,O,,.
The Keggin structure (the primary structure) of HPA catalyst could
be identified by four characteristic IR bands appearing in the range
of 700-1,200 cm™, as observed for fresh H;PW,,0,, catalyst. It was
found that H;PW,,0,, catalyst regenerated by method II and method
IIT showed the characteristic IR bands of fresh catalyst at the same
positions, while no characteristic IR bands were observed in the
catalyst regenerated by method I due to the strong absorbance of
carbon species by infrared beam. Table 1 and Fig. 4 clearly show
that most of the carbon species were removed by the oxidative cal-
cination at 350 °C (method II). This result indicates that calcination
at high temperature to remove carbon species from the catalyst was
essential for successful regeneration of H,PW,,0,, catalyst. It should
be noted that IR bands of H;PW,,0,, catalyst regenerated by method
IIT were almost identical to those of fresh H,PW,,0,, catalyst.

Fig. 5 shows the TGA profiles of fresh and regenerated H;PW,,0,,.
Weight loss below 200 °C observed for fresh H,PW,0,, was attrib-
uted to the removal of physisorbed water molecules. H;PW,,0,,

Korean J. Chem. Eng.(Vol. 26, No. 6)
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Fig. 5. TGA profiles of fresh and regenerated H,PW,,0,,.
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Fig. 6. NH,-TPD profiles of fresh and regenerated H,PW,,0,,.

regenerated by method I showed sharp weight loss due to the re-
moval of carbon species. One the other hand, H;PW,,0,, regener-
ated by method II and method IIT experienced slight weight loss

OH
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Fig. 8. Conversion of glycerol and selectivity for DCP in the direct
preparation of DCP from glycerol and hydrochloric acid
gas over fresh H;PW,,0,, catalyst (Run 1) and regenerated
H,PW,,0,, catalyst by Method I (Run 2-Run 4) with respect
to recycling run: glycerol=100 g, reaction temperature=
130 °C, reaction pressure=3 bar, reaction time=3 h, RPM=
900, H,PW,,0,,=3 g.

due to the presence of small amount of carbon species. These results
were in good agreement with CHNS elemental analyses (Table 1).

Fig. 6 shows the NH,-TPD profiles of fresh and regenerated H,
PW,,0,,. All the regenerated H,PW,,0,, catalysts retained compa-
rable acid strength to the fresh H;PW,,0,, catalyst. However, the
acid amount of H;PW,0,, regenerated by method I was significantly
smaller than that of the other catalysts. This was due to the presence
of a large amount of carbon species in the H;PW,,0,, regenerated
by method L.
2. Catalytic Performance of H,PW,,0,, Regenerated by Meth-
od I

According to our previous works [11-13], chlorination of glycerol
occurs via the following consecutive reaction steps as shown in Fig.
7; glycerol—>MCPD—DCP—TCP. Reaction rate decreases in
the order of first-step reaction>second-step reaction>third-step reac-
tion. Among various HPA catalysts, it was also reported [11-13] that
H,PW,,0,, showed the best catalytic performance in the direct prep-
aration of DCP from glycerol in both water-solvent and solvent-
free chlorination reactions. In this work, therefore, H,PW,,0,, was
chosen as a model catalyst to see the effect of regeneration method
on the catalytic performance of H;PW,,0,, catalyst for DCP for-

Cl
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on OH OH HCI + HCl + HCl Cl a
C
W : a : OH : W
H,0 OWUH H,0 CWI H,0

Glycerol Monochloropropanediol
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Fig. 7. Reaction pathway for the chlorination of glycerol.
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mation.

Fig. 8 shows the conversion of glycerol and selectivity for DCP
in the direct preparation of DCP from glycerol and hydrochloric acid
gas over fresh H,PW,,0,, catalyst (run 1) and regenerated H,PW,,0,,
catalyst by method I (run 2-run 4) with respect to recycling run. In
all the catalytic reactions utilizing fresh/regenerated H,PW ,O,, cat-
alyst under the reaction conditions employed in this work, the con-
version of glycerol was 100% while selectivity for DCP was differ-
ent depending on the regeneration method and recycling run. Selec-
tivity for DCP over fresh H;PW,,0,, catalyst was found to be ca.
80%. However, selectivity for DCP over H,PW ,0,, catalyst regen-
erated by method I significantly decreased with increasing recycling
run (selectivity for TCP was less than 2% and balance selectivity
corresponds to selectivity for MCPD, although they were not shown
here). This indicates that method I was not efficient for the regen-
eration of H;PW,,0,, catalyst in the direct preparation of DCP from
glycerol and hydrochloric acid gas. The drastic decrease of DCP
selectivity over H,PW,0,, catalyst regenerated by method I was
due to the large amount of carbon species deposited on the catalyst
as revealed by CHNS (Table 1), FT-IR (Fig. 4), and TGA (Fig. 5)
analyses.

3. Catalytic Performance of H,PW,0,, Regenerated by Meth-
od II

Fig. 9 shows the conversion of glycerol and selectivity for DCP
in the direct preparation of DCP from glycerol and hydrochloric acid
gas over fresh H,PW,,0,, catalyst (run 1) and regenerated H,PW,,0,,
catalyst by method II (run 2-run 4) with respect to recycling run.
All the catalysts exhibited 100% conversion of glycerol. Unlike the
catalyst regenerated by method I (Fig. 8), H,;PW,0O,, catalyst regen-
erated by method II showed a slightly decreased selectivity for DCP
with no great catalyst deactivation with respect to recycling run.
This means that method II was relatively efficient for the regenera-
tion of H,PW ,0,, catalyst. In other words, oxidative calcination of
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Fig. 9. Conversion of glycerol and selectivity for DCP in the direct
preparation of DCP from glycerol and hydrochloric acid
gas over fresh H,PW,0,, catalyst (Run 1) and regenerated
H,PW,,0,, catalyst by Method II (Run 2-Run 4) with re-
spect to recycling run: glycerol=100 g, reaction temperature
=130 °C, reaction pressure=3 bar, reaction time=3 h, RPM
=900, H,PW,,0,=3 g.
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Fig. 10. Conversion of glycerol and selectivity for DCP in the direct
preparation of DCP from glycerol and hydrochloric acid
gas over fresh H;PW,,0,, catalyst (Run 1) and regener-
ated H,PW,,0,, catalyst by Method III (Run 2-Run 4) with
respect to recycling run: glycerol=100 g, reaction tempera-
ture=130 °C, reaction pressure=3 bar, reaction time=3h,
RPM=900, H,PW,0,,=3 g.

H,PW,,0,, catalyst at high temperature was efficient for the removal
of carbon species from the catalyst, leading to the successful regen-
eration of the catalyst.
4. Catalytic Performance of H,PW,,0,, Regenerated by Meth-
od III

Fig. 10 shows the conversion of glycerol and selectivity for DCP
in the direct preparation of DCP from glycerol and hydrochloric acid
gas over fresh H,PW,,0,, catalyst (run 1) and regenerated H;PW ,O,,
catalyst by method III (run 2-run 4) with respect to recycling run.
All the catalysts exhibited 100% conversion of glycerol. Unlike the
catalyst regenerated by method I (Fig. 8) and method II (Fig. 9),
H;PW,,0,, catalyst regenerated by method III showed the same se-
lectivity for DCP as fresh catalyst without any catalyst deactivation
with respect to recycling run. This means that method III was the
most efficient method for the regeneration of H;PW,0,, catalyst. The
constant catalytic activity of H,PW,0,, regenerated by method III
was due to very small amount of carbon species (Table 1) and perfect
recovery of primary structure of [PW,,0,,]"". Thus, we have success-
fully demonstrated that H,PW,0,, catalyst efficient for solvent-free
direct preparation of DCP could be easily recovered by a series of
simple physical treatments (evaporation, oxidative calcination, recrys-
tallization, and subsequent oxidative calcination).

CONCLUSIONS

Regeneration methods for H;PW,,0,, catalyst in the solvent-free
direct preparation of DCP from glycerol and hydrochloric acid gas
were investigated. H;PW,,0,, catalyst regenerated by method I re-
tained ca. 60 wt% carbon species, while that regenerated by method
1T and method III contained negligible amount of carbon species. FT-
IR analysis revealed that H,PW,,0,, catalyst regenerated by method
I showed no characteristic IR bands, while that regenerated by meth-
od II and method III showed the characteristic IR bands of fresh

Korean J. Chem. Eng.(Vol. 26, No. 6)
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catalyst at the same positions. TGA analysis showed that H;PW,O,,
regenerated by method I exhibited sharp weight loss due to the re-
moval of carbon species, while that regenerated by method II and
method 1T experienced slight weight loss due to the presence of
small amount of carbon species. NH;-TPD analysis also revealed
that the acid amount of H;PW,,0,, regenerated by method I was
significantly smaller than that of the other catalysts, due to the pres-
ence of a large amount of carbon species. In the solvent-free direct
preparation of DCP from glycerol and hydrochloric acid gas, H,PW,,
O,, catalyst regenerated by method I showed a drastically decreased
selectivity for DCP with increasing recycling run due to large amount
of carbon deposited on the catalyst. However, H,PW,,0,, catalyst
regenerated by method II showed a slightly decreased selectivity
for DCP with no great catalyst deactivation with respect to recy-
cling run. Furthermore, H,PW ,0,, catalyst regenerated by method
I showed the same selectivity for DCP as fresh catalyst without
any catalyst deactivation with respect to recycling run. Among the
regeneration methods examined in this work, method III was the
most efficient method for the regeneration of H;PW,,0,, catalyst.
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