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Abstract

The production of epichlorohydrin with hydrogen peroxide is an environmentally benign process, but the relatively high cost of hydrogen
peroxide prevents it from being commercialized. In the present work, the production of epichlorohydrin by epoxidation of allyl chloride with
molecular oxygen in the presence of 2-ethyl anthrahydroquinone using TS-1 as the catalyst was studied. The catalysts after reaction were
characterized with FT-IR and TGA. The reaction results showed that the heterogeneous reaction could be carried out under mild conditions,
and the addition of methanol solvent could increase the yield of the product. It was found that the concentration of 2-ethylanthrahydroquinone
in the working solution should not be too high, otherwise, it would decrease the yield of the product. The product and unreacted reactants
could be separated simply by distillation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction method to solve the problem is to generate hydrogen peroxide
in situ. In the selection of anin situ generation method, the an-
Epichlorohydrin (ECH) is an important chemical interme- thraquinone route is favored by various reasons. It is already
diate with wide applications. The high temperature chlorina- proven on a commercial scale. Now, over 98% of hydrogen
tion of propylene is the main method for the production of peroxide in the world is produced by anthraquinone route.
epichlorohydrin in the present manufacture. This process hasSeveral literatures have devoted to an integrated process for
several demerits: it needs excessive chloride and a relativelythe epoxidation of propylene involving autoxidation of an
high-energy expenditure, and produces several byproductsalkyl anthrahydroquiong¢13—-16] but little for allyl chlo-
At the same time, there is serious environmental pollution ride. And some parameters, such as the effect of methanol
besides the strict demand for the high purity of propylene and the initial concentration of anthrahydroquinone, were
and high quality of other materials. not investigated. Xi and coworkef47] had tried to epox-
Hydrogen peroxide is widely accepted as a green oxi- idize allyl chloride with molecular oxygen at 3& using
dant, as it is easy to handle, relatively non-toxic and breaks 2-ethylanthrahydroquinone (HEAQ) as recyclable reductant
down readily in the environment to benign byproduygisIn and fr-CsHsNC16H33]3[PW4016] as a homogeneous cata-
recent years, the epoxidation of olefins with hydrogen per- lyst. In their work, the epichlorohydrin was obtained by the
oxides as oxidant has attracted more and more researcherseaction of the hydrogenated working solution ang I-
[2-12] However, the relatively high cost of hydrogen perox- lowed by the reaction of the resulting8, with allyl chlo-
ide has prevented the commercialization of these processes. Aide. The two-stage process is relatively complex.
In the present work, the epoxidation of allyl chloride
(ALC) with molecular oxygen and HEAQ catalyzed by TS-
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residues on the TS-1 catalysts were subjected to FT-IR and

CH,=CHCH-ClI 40, B2 OIMPE ) 2 GOHCH,~Cl+H,0 TG analyses. TG analysis was performed on the TA-50 Shi-
OH /\ o madzu Thermogravimetric Analyzer to study the mass loss of
G Hos @bﬂ the catalysts at 15C min~1 heating rate from room temper-
CLJ A, ature to 800C under a oxygen rate of 30 min—1. FT-IR
o 0 spectra of the samples pressed with KBr in the framework
HEAQ EAQ region (400—-4000 cmt) were recorded at room temperature

with a MAGNA-IR 560 spectrometer.

Fig. 1. Epoxidation of allyl chloride with molecular oxygen in the presence

of an alkyl anthraquinone.
3. Results and discussion

could be recycled as shownhiig. 1 The effects of methanol,

the initial concentration of HEAQ in the working solutionand 3.1. Catalyst characterization

the effect of epoxide impurities to the hydrogenation of the

working solution were studied. Fig. 2 shows the FT-IR spectra of the fresh and recycled
TS-1 samples. The absorption bands at 1220, 1100, 960, 550
and 450 cmt are characteristics of the TS-1 catalyst. The

2. Experimental recycled TS-1 catalyst shows a series of strong absorption
bands from 2870 to 3000 crh. The stretching bands at 2962
2.1. Materials and 2875 cm! can be assigned to the methylie8, and the

one at 2934 cm! to C-H bond of methylene. This revealed

Unless specially mentioned, the chemicals used in this that some substances with these groups existed on the cata-
work were at least of the C.P. grade and were used as redyst. The bands from 1000 to 1700 cfexcept for the char-
ceived. The TS-1 catalyst was provided by Research Insti- acteristic bands of TS-1 can be assigned to anthraquinone
tute of Petroleum Processing of SINOPEC, China, synthe- derivativeg19]. The band near to 700 crh can be assigned
sized by a hydrothermal method according to the published to the stretching vibration of-@Cl, which indicated that allyl
procedureq18]. The working solution (120g 2-ethyl an- chloride maybe existed in TS-1.
thraquinone dissolved in 750 éty aromatics and 250 cin The TGA profiles show at least three distinct stages of
trioctyl phosphate (TOP)) was provided by ChangZhou Ni- weight loss as shown iRig. 3. A weight loss due to the des-
trogen Fertilizer Company. The hydrogenated anthrahydro- orption of water amounting to 2.5% was observed between
quinone solution was obtained through the hydrogenation of room temperature and 20Q. The stage of 200-35C, cor-
the dried working solution at 6C in a three-phase fixed-bed responding to a weight loss of 22%, can be ascribed to work-
reactor with commercial Pd/AD3 catalyst. The concentra-  ing solution and allyl chloride deposited on the surface of

tion of HEAQ was determined by iodimetric titration. TS-1. The weight loss of 2.5% from 400 to 600 can be
assigned the loss of allyl chloride which diffused into the

2.2. General procedure for epoxidation of allyl chloride pores of TS-1. The TG analyses of TS-1, treated by working

with O solution and allyl chloride, respectively, were made in order

The epoxidation reaction of allyl chloride was carried out
in a glass semi-batch reactor with an electromagnetic stirrer.
The reaction temperature was controlled at 6y circu-
lating water in the jacket outside the reactor. Allyl chloride,
hydrogenated anthraquinone working solutionand TS-1 were _
firstly charged into the reactor, and thepizas supplied with
arate of 20 chmin—1 to the reactor using a needle valve. The
reaction was maintained at the reaction temperature with vig-
orous stirring for 2 h. The concentrations of® and ECH
in samples of the products were determined by iodimetry and
gas chromatography (HP 4890, FID, OV-101 column, 25 m)
with an internal standard method, respectively. The yield of
the product was calculated based on allyl chloride.

Transmittance (a.u.

H H 4 1 i 1 1 1 i 1 i 1 I 1 I 1
2.3. Characterization of the catalysts w000 3500 3000 200 2000 1500 1000 300

] ) Wavenumbers (cm")
The recycled TS-1 sample was treated by washing with

tributyl phosphate and drying before characterization. The Fig. 2. FT-IR spectra of the fresh (a) and the recycled (b) TS-1.
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Table 1
Epoxidation of allyl chloride with molecular oxygen

Molar ratic*  Epichlorohydrin yield (%)

No methanol solvent  Addition of methanol

0.15mol L1 0.2mol L1

9

H HEAQ HEAQ

= 0.75 155 17.0 190

-% 1 120 24.9 114

= 3 55 17.7 80
Reaction conditions: TS-1 catalyst; 323 K; the rate of=Q0 cm? min~L;

2h.
@ The molar ratio of ALC and anthrahydroquinone.

?0 | " 1 " 1 " 1 L 1 " | 1 1 " . . . .
100 200 300 400 500 600 700 800 shown inTable 2 from which it can be seen that methanol is

Temperature (°C) the best solvent. It was considered that the alcoholic solvents
Fig. 3. TGA profiles of different TS-Lsamples: (2) fresh T8-L: (b) TS-L promoted the formation of active species, the five-member
tregated by WoFr)king solution; (c) TS-1 treatez by allyl chloride; (d) recycled framgwqu T CyCI.IC species (as shownfig. 4) [21] In the
TS-1. epoxidation reaction, the alcohol solvent functioned not only

as a solvent for the reaction but also as a co-catalyst and took

to certify the above assignments. The results are shown as Ipart in the reaction. Compared with ethanol and propanol,
and c inFig. 3. The two samples of b and ¢ had dramatically methanol, because of the smaller molecular size, easily enters
weight loss at the stage of 200—3%D. From 400 to 600C, into the channel of TS-1 catalyst. So the effect of the methanol
the c sample had a significant weight loss while the b sample on the epoxidation of allyl chloride with molecular oxygen
had little weight loss. This indicates that the anthraquinone and HEAQ was investigated. The results ($able 1) show
derivatives can only deposited on the surface of TS-1, while that the yields of epichlorohydrin with methanol as solvent
allyl chloride can diffuse into the pore of TS-1 where locates are distinctly higher than those in the absence of methanol.
the active sites for the epoxidation reaction. The experimen- The difference might be attributed to the different types of
tal results of FT-IR and TGA indicate that TS-1is suitable for solvent. TOP was the solvent for the reaction system when
the catalytic reaction and the anthraquinone working solution methanol was not added. Methanol is protic solvent while

had no influence on its catalytic performance. the TOP is nonprotic solvent. In the reaction, the quantity
of methanol was relatively small. Compared with TOP, the
3.2. Influence of methanol solution on the epoxidation role played by methanol was primarily co-catalyst. Under this

condition, the better yield of the product could be obtained
The solubility of allyl chloride in the working solutionwas ~ when the initial molar ratio of HEAQ and allyl chloride was
evaluated in the preliminary experiments in order to elimi- 1 to 1. The high molar ratio was unfavorable to increase the
nate the mass transfer problem associated to the presence
of different liquid phases. Allyl chloride and the working Table 2
solution could mix at a volume ratio of 1 to 1, which pri- Epoxidation of allyl chloride with HO, catalyzed by TS-1

marily shows that allyl chloride is miscible with the work- ~ Solvents Reaction time (min)  Based on allyl chloride
ing solution in the experiment. The epoxidation reaction was Conversion (%)  Yield (%)
parrled out by direct addltlc_m of allyl chloride and oXygen ool 0 s 545

into the hydrogenated working solution. In our experiments, ganol 30 o 212

it was observed that no other products were obtained excepi-Propyl alcohol 30 ® 07
epichlorohydrin. So the yield of epichlorohydrin was taken as 2-Propanol 30 33 331

the parameter to evaluate the reaction. The results are showritrile 30 00 00

in Table 1 The results indicate that the anthraquinone route is Reaction conditions: 323K; solvent: ALC:28,=10:1:1 (mol); catalyst
intrinsically suitable for being used with titanium silicates-1 concentration, 109t
having MFI structure. The TS-1 catalyst significantly main-

tained high activity in the ALC/@HEAQ system. The mod- R R

erate operating temperature in the autoxidation step for an- O O—

thrahydroquinone makes it suitable for the epoxidations of SiO ~ , sio._ ¥

allyl chloride. SiO-Ti, o-p or SO o
For the epoxidation of propylene, the alcoholic solvents SI0° D a=C S'O:C’-\;C:) H

have positive effect on the reacti¢®0]. The effects of the i ,53

solvents on the epoxidation of allyl chloride with 30%®b
over TS-1 were also investigated in our work. The results are Fig. 4. The active species and epoxidation mechanism.
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yield of epichlorohydrin and excessive allyl chloride would
enhance the energy expenditure in the following separation
processes.

3.3. Influence of the initial concentration of
anthrahydroquinone

The effect of the initial concentration of anthrahydro-
quinone in the working solution on the epoxidation is also
shown inTable 1 The experimental results indicate that the
higher anthrahydroquinone concentration in the working so-
lution could not give higher yield of ECH except below the
initial molar ratio of 1 to 1 for allyl chloride and HEAQ. The
higher the initial concentration of HEAQ in the working so-
lution was, the more viscous the working solution was. The
transport of oxygen is the key step for the oxidation of an-
thrahydroquinone, which is first order with respect to oxygen
and is independent of the concentration of HERR)]. So it
is considered that the viscous hydrogenated working solu-
tion restrained the transport of oxygen and then the oxidation
of the anthrahydroquinone to produce®. Therefore, the
initiation of the epoxidation reaction was restricted.

3.4. Influence of epoxide impurities on the
hydrogenation of 2-ethylanthraquinone

After epoxidation reaction, the mixture was transferred

into a phase separator to discharge the water, and then to the

distiller. After two distillations, the ECH product was ob-

tained from the top tower, and the remainder of ALC and
methanol was recycled after distillation again, and the work-
ing solution was recycled to hydrogenation reactor. The epox-
idation of allyl chloride with molecular oxygen using the

above hydrogenated working solution was repeated and sim
ilar results were obtained, indicating that trace amounts of

epoxide and methanol had not negative effects on the hydro-

genation of 2-ethylanthraquinone.

The effects of components of the working solution such as
TOP, anthraquinone, anthrahydroquinone apd€omatics
on the epoxidation reaction with 30% hydrogen peroxide as
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Fig. 5. Proposed process flow sheet for ECH production: (1) oxidation re-
actor; (2) splitter; (3) distillation column; (4) distillation column; (5) hydro-
genation reactor for the working solution.

erating the oxidized working solution. The separation of the
mixture has also been simulated with Pro-II software. Under
the reaction conditions of the initial molar ratio of ALC and
HEAQ at 1:1, the theoretical plates for the distillation column
(3) and (4) are 7 and 12. These results will be published in
the near future.

4, Conclusions

The epoxidation of allyl chloride with molecular oxygen
could be effectively carried out under mild conditions in the
presence of anthrohydroquinone working solution. The pro-
duction of epichlorohydrin can be obtained in the absence of
methanol solvent. The addition of methanol to the reaction
system increased the yield of epichlorohydrin. The increase
of HEAQ concentration in the working solution increased

the viscosity of the working solution, restrained the mass
transfer, and therefore, disfavored the epoxidation reaction.
The product and reactants could be separated from the re-
action system by distillation. The size of the anthraquinone
molecules is larger than the channel of TS-1, therefore it has
no effect on the stability of TS-1.

oxygen source were also studied under the same reaction con-

ditions. It was found that most of the components of the work-
ing solution had not appreciable influence on the epoxidation
of allyl chloride and the stability of TS-1. The average pore

diameter of TS-1 is 0.55 nm, where Ti-sites locate, while the

cross-section of 2-ethylanthraquinones is larger than 0.6 nm.

The small channel of this catalyst prevents the diffusion of 2-
ethylanthraquinones molecules onto, and only allyl chloride,
the in situ generated 40, and methanol solvent can reach,
the active Ti-sites.
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