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Abstract

A new 8-lump kinetic model is proposed to describe the heavy oil catalytic pyrolysis process. The kinetic model contains 17 kinetic constants
and one for catalyst deactivation. This paper also presents a new catalyst deactivation model, a function of feed properties and operating conditions,
in which the deactivation constant doesn’t vary with reaction temperature. Kinetic constants and apparent activation energies were determined by
the least square regression analysis of the experimental data, obtained in a confined fluidized bed reactor at temperatures of 600, 630, 660 and
700 °C. Most of the apparent activation energies are higher than 100 kJ/mol, between the apparent activation energies for catalytic cracking and
those for thermal cracking. The predicted results indicate that catalytic pyrolysis of heavy oils had better be conducted at high temperature and
short residence time of oil gas, and heavy oils with the aromaticity higher than 30% had better not be considered as the feeds of catalytic pyrolysis.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Kinetic; Model; Lump; Catalytic pyrolysis; Heavy oil

1. Introduction Some researchers have attempted to study the lumping
kinetics for heavy oil catalytic pyrolysis over several catalysts

Heavy oil catalytic pyrolysis is a promising process to in recent years. Xu [9] presented a 4-lump model, in which dry
convert low value heavy oils into more valuable light olefins. It ~ gas and coke was considered as one lump. Meng et al. [10]
attracts great interests in recent years [1,2]. The process of  proposed a 5-lump model, in which the dry gas plus coke lump
heavy oil catalytic pyrolysis involves catalytic reactions and was split into dry gas and coke separately. A 16-lump model
thermal reactions, and the products consist of a mixture of many ~ was recently developed by Wang et al. [11]. In this model,
compounds [3]. One of the most important aspects in pyrolysis gas was further divided into eight lumps (hydrogen,
understanding heavy oil catalytic pyrolysis is the kinetic study. methane, ethene, ethane, propene, propane, butene and butane),
This is important to design and simulate the reactor, to predict and 70 kinetic parameters plus one catalyst deactivation
the reaction behaviors and to optimize the operating conditions. parameter were used.

Just like the kinetic studies for fluid catalytic cracking (FCC) This paper presents an 8-lump model for heavy oil catalytic
[4,5], the complex mixtures in catalytic pyrolysis processes can pyrolysis on catalyst CEP-1. The catalyst deactivation model
be described by lumping the large number of chemical was usually described by an exponential function depending on
compounds into groups of pseudo-components, according to time-on-stream. In this paper, a novel catalyst deactivation
their boiling points and their molecular characteristics. model is introduced. After the estimation of the kinetic
Although many lumping models for catalytic cracking have parameters, the variation of product yields are predicted with
been developed [6-8], only a few lumping kinetic models for ~ operating conditions and feed properties.
catalytic pyrolysis have been reported.

2. Eight-lump kinetic model

_ 2.1. Model description
* Corresponding author. Tel.: +86 10 8973 3775 (Office);

fax: +86 10 6972 4721. .
E-mail addresses: mengxh@cup.edu.cn (X. Meng), Generally, the more lumps a model includes, the more

xem@cup.edu.cn (C. Xu), jsgao@cup.edu.cn (J. Gao), kinetic parameters need to be estimated and, consequently, the
liliupc@163.com (L. Li). more experimental data are required. Thus, it is necessary to

0926-860X/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2005.11.010
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Nomenclature

C/H atomic ratio of carbon to hydrogen in feeds

C; concentration of lump 7, mol/ggy,s

ki; rate constant for the reaction of lump i to lump j
M; molecular weight of lump i, g/mol

Reo catalyst-to-oil weight ratio

Ry steam-to-oil weight ratio

t residence time of oil gas, s

te residence time of catalyst, s

T reaction temperature, K

Vij stoichiometric coefficient for the reaction of

lump i to lump j

Greek symbols
o deactivation constant
) deactivation function

establish a simple model that can give the key kinetic
information.

To predict the catalytic pyrolysis abilities of various heavy
feeds, the feed in the model can be lumped into three groups
(paraffinic carbons, naphthenic carbons and aromatic carbons),
just as the feed lumps of catalytic cracking models [7,8].
However, the cracking extent of catalytic pyrolysis is more
thorough than that of catalytic cracking [3]. During catalytic
pyrolysis processes, naphthenic carbons can easily crack into
paraffinic carbons, so the feed can be divided into two lumps,
non-aromatic carbons and aromatic carbons, in order to
simplify the lump model.

Different from catalytic cracking, the aimed products of
heavy oil catalytic pyrolysis are light olefins, including ethene,
propene and butene. Therefore, ethene and propene plus butene
can be considered as two lumps. Gasoline and diesel oil are
byproducts of heavy oil catalytic pyrolysis, and their
components are similar by group analysis. Consequently,
gasoline and diesel oil can be considered as one lump.

The reaction network shown in Fig. 1 can be used to describe
the heavy oil catalytic pyrolysis. Aromatic carbons cannot
crack into gaseous products, because ring-opening reactions of
aromatic carbons are hard to take place in the operating
conditions of heavy oil catalytic pyrolysis [11-13]. We
investigated the secondary cracking ability of the collected
gasoline and diesel oil (high content of aromatic hydrocarbons)
from heavy oil catalytic pyrolysis, and analyzed the hydrogen
balance and carbon balance. The research results also show that
aromatic rings can hardly split. However, dealkylation of
aromatic hydrocarbons and cracking of the alkyl groups can
occur. This will reduce the boiling points of aromatic carbons to
the boiling point range of gasoline and diesel oil, so aromatic
carbons can yield gasoline and diesel oil.

An advantage of this model is that it can predict the cracking
ability for various heavy feeds. Another advantage is that the
proposed model can predict the yields of the aimed products
(ethene and propene plus butene) directly. Only 17 kinetic
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Fig. 1. Reaction network of the 8-lump model.

constants are used to describe the complex catalytic pyrolysis
process, and this is also an advantage.

One limitation of the 8-lump model is that the kinetic
parameters depend on catalyst properties. One improvement for
the model in future is that the feedstocks can be divided into
more lumps, in order to better predict the cracking ability for
special feeds with a high content of naphthenic or aromatic
hydrocarbons.

2.2. Kinetic models

For each reaction, a kinetic expression (r;) was formulated as
a function of lump concentration (C;), kinetic constants (k;) and
catalyst deactivation function (¢). If a lump consists of a
complex mixture of hydrocarbons, the most reactive molecules
disappear first and the remaining molecules have a lower
kinetic constant when conversion increases, and the cracking of
the lump is usually considered as a second order reaction [5,14].

Non-aromatic carbons, aromatic carbons and gasoline plus
diesel oil consist of a complex mixture of hydrocarbons, so their
cracking is considered as a second order reaction. The cracking
of propene plus butene and propane plus butane is considered as
a first order reaction. Based on these assumptions, the reaction
rates of the proposed model are:

dC
d—;: — (ki3 + kg + kis + kig + ki7 + ki) Cip (D
dc
d_t2 = — (ka3 + kog) C3¢ 2)
dc
d_t3 = [V13ki3CT + v23kns G5

— (ksa + kas + kg + ka7 + k3g) C3)op 3)
dCy 2 2
o [V1ak14CT + v3ak34C5 — (kas + ka7) Cal@ C)
dC
d—: = [v1skisCT + vaskssC3 — (ks + ks7)Cs)op (©)
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dC6 2 2

s = [v16k16C1 + v36k36C3 + VagkasCs + U56k56C5M’ (6)
dC7 2 2

T = [v17k17C1 + U37k37c3 + U47k47C4 + U57k57C5}¢ (7)

(ﬁ — C1M, — Co:M, — C3M;
— CyMy — CsMs — CeMg — C7M7)

Cs = ®

Mg

2.3. Catalyst deactivation model

For kinetic studies of lumping models for catalytic cracking/
pyrolysis, the catalyst deactivation model (¢) is usually described
by a function depending on time-on-stream (the residence time of
catalyst) or catalyst coke content (the mass fraction of coke on
catalyst). Although the catalyst deactivation functions depending
on time-on-stream are sometimes used, those depending on the
catalyst coke content are much advisable because coke is the
main cause of the catalyst deactivation [14,15].

This paper tries to develop a catalyst deactivation function
depending on catalyst coke content. During the estimation of
the parameters for a catalyst deactivation function, catalyst
coke content is an independent variable, but it’s not an
operating parameter, and its value is unknown at a given
operating condition. Therefore, it is important to obtain direct
measurement of this deactivation function to avoid introducing
new unknown parameters. Here, we obtained a catalyst coke
content function by least square regression analysis depending
on feed properties and operating conditions, and then use it to
develop a catalyst deactivation function.

For catalytic pyrolysis of heavy oils, catalyst coke content
(C.) can be described by a function depending on C/H atomic
ratio of the feed, reaction temperature (7)), residence time of oil
gas (1), catalyst-to-oil weight ratio (R.,), steam-to-oil weight
ratio (R,,) and residence time of catalyst (z.), shown as Eq. (9).
The parameters in Eq. (9) are determined by the least square
regression analysis of experimental data, and then Eq. (10) is
gained. According to the catalyst deactivation function
(Eq. (11)) and experimental data, we obtained the catalyst
deactivation function used in this paper (Eq. (12)). Unlike the
deactivation functions depending on time-on-stream, the
deactivation constant in this paper doesn’t vary with reaction
temperature, because the influence of temperature has already
included in the deactivation function.

C b
Co(%) = a<ﬁ) T(1 + Reo) (1 + Ryo)'28 x 100 ©)
C 4.3889
CC(%) — 35248<ﬁ) T0.2838t70.|774(1 +RCO)70.4795
% (1 +RSO)70439631‘S_2276 % 100
(10)
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¢ = exp(—aC;) (1)
C 4.3889
d) — CXP( —255 (ﬁ) T0A283817()Al774(1 + RCO)—0.4795
x (14 Rso)’o‘”“zg'”m) (12)

3. Experimental

The experiments of heavy oil catalytic pyrolysis were
conducted in a confined fluidized bed reactor. The reactor
consists of oil and steam input mechanisms, a reaction zone,
temperature control system, and a product separation and
collection system. In experiments, various amounts of catalysts
were loaded into the reactor, and the catalyst bed was fluidized
by steam. The residence times of oil gas and the steam-to-oil
weight ratios were varied by changing the flow rates of steam
and feeds. The catalyst-to-oil weight ratios were varied by
changing the amount of catalysts loaded into the reactor. The
residence times of catalyst were varied by changing the feeding
time. The experiment has been described in detail by Meng
et al. [3].

The experiments were carried out at four temperatures
between 600 and 700 °C, with residence time of oil gas, the
weight ratios of catalyst-to-oil and steam-to-oil, and the flow
rates of feeds and steam varying in 1.5-4.5 s, 6-27, 0.2-1.6, 2—
10 g/min and 1.5-6.0 g/min, respectively. The feeds were
Chinese Daqing atmospheric residue, Chinese Daqing vacuum
gas oil, Chinese Daqing vacuum residue and Chinese Huabei
atmospheric residue. The catalyst was CEP-1 (used for
Catalytic Pyrolysis Process technology). The properties of
the feeds and the catalyst, together with the analysis methods
for pyrolysis products, have been introduced in detail in
literature [3].

4. Results and discussion
4.1. Kinetic constant determination

A program was compiled in Matlab language for the
determination of kinetic constants. The kinetic constants of the
8-lump model were estimated and listed in Table 1. The
frequency factors and the apparent activation energies were
calculated according to the Arrhenius equation, shown in
Table 2.

The kinetic constants of the cracking of the two feed lumps
are much higher than those of gasoline plus diesel oil, propene
plus butene and propane plus butane. This indicates that it’s the
cracking reactions of the feeds that primarily take place in the
heavy oil catalytic pyrolysis process, and the proportion of the
secondary cracking reactions of intermediate products in total
cracking reactions is low. The kinetic constant of reaction kpg is
bigger than that of reaction k3, showing that the aromatic
carbons in the feeds are mostly converted into coke.
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Table 1
Kinetic constants of the 8-lump model

Reaction Unit Reaction temperature, °C

600 630 660 700
ki3 gmol 's7! 14587 24829 37831 75288
kia gmol 57! 22705 43019 72028 112815
kis gmol 's! 10252 15107 21240 34275
ks gmol's7! 5829 12097 22828 42866
k7 gmol 's7! 3327 8062 17965 30667
kig gmol 's™! 4365 7029 9862 15170
kas gmol's7! 5846 8295 10524 16955
kog gmol 's7! 12591 18045 27605 38996
k34 gmol 's7! 1.4 2.8 5.1 9.9
kss gmol 's7! 0.6 1.4 2.8 7.2
ks gmol 's7! 3.1 5.6 10.7 21.1
k37 gmol's™! 18.7 39.0 85.7 200.0
kss gmol 's7! 22.5 453 80.6 155.1
ke s 0.007 0.013 0.023 0.050
ka7 5! 0.008 0.018 0.039 0.11
ks s 0.020 0.042 0.093 0.25
ks s 0.032 0.085 0.21 0.61

The apparent activation energies of the cracking reactions of
the two feed lumps are smaller than those of gasoline plus diesel
oil, propene plus butene and propane plus butane. This indicates
that the secondary cracking of intermediate products is more
sensitive to temperature. It is reported that the apparent
activation energies of hydrocarbon catalytic cracking are
between 42 and 125 kJ/mol, while those of thermal cracking are
between 210 and 293 kJ/mol [16]. Most of the apparent
activation energies determined in this paper are higher than
100 kJ/mol, which explains that thermal cracking plays an
important role in heavy oil catalytic pyrolysis. This is consistent
with the reaction mechanistic pathway of heavy oil catalytic
pyrolysis [3].

The apparent activation energies determined in this paper are
close to those reported in literature [4,17], but are higher than

Table 2
Frequency factors and apparent activation energies of the 8-lump model

Reaction Frequency factor Apparent activation
kJ/mol
Unit Value energy (kJ/mol)
ki3 gmol 's~! 1.04 x 10" 115
ks gmol 's™! 1.48 x 10" 113
ks gmol ' s7! 1.21 x 10° 85
ks gmol 's! 1.72 x 102 141
k7 gmol 's™! 1.15 x 10" 159
kis gmol 's™! 731 x 10% 87
ka3 gmol 's! 1.49 x 10® 74
kog gmol 's! 9.36 x 10° 81
ksa gmol's~! 2.66 x 10° 138
kss gmol 's! 1.02 x 10" 171
ks gmol 's7! 5.10 x 10® 137
k37 gmol's™! 233 x 10" 169
kss gmol 's! 3.24 x 10° 136
kag 5! 1.36 x 10° 139
kyr 5! 5.15 x 10® 181
ks 57! 1.07 x 10° 180
ks s 8.48 x 10'° 208

64

36
O Propene+butene
8 % o Gasoline+diesel oil oA
E 4 Ethene
v 28F
=
2
> 24 -
©
]
o
T 20
2
o
16 -
12
L 1 1 1 1 1 1
12 16 20 24 28 32 36
Experimental yields, wt%
Fig. 2. Experimental yields (plots) vs. predicted ones (line) at 660 °C.

those for catalytic cracking reactions at conventional operating
conditions [5,18]. This is due to the fact that the reaction
temperature of heavy oil catalytic pyrolysis is about 150 °C
higher than that of conventional catalytic cracking.

For the products of heavy oil catalytic pyrolysis at 660 °C,
the experimental yields and the model-predicted ones are
shown in Figs. 2 and 3. Figs. 4 and 5 compare the experimental
yields with the predicted ones for ethene and propene plus
butene at four reaction temperatures. The predicted yields are
close to the experimental ones, indicating that the 8-lump
kinetic model predicts well the experimental data and the
predicted values are reliable.

4.2. Application of the 8-lump model

An important application of the 8-lump model is to predict
the product distribution for various heavy feeds at a given
operating condition. Some experiments are not necessary
thanks to the kinetic model; and consequently, parts of the
experimental research expenses can be saved. Some funda-
mental information can be obtained from the kinetic model, for
the design, simulation and optimization of both the reaction
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Fig. 3. Experimental yields (plots) vs. predicted ones (line) at 660 °C.
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Fig. 4. Experimental yields (plots) vs. predicted ones (line) for ethene.

process and the units related. Two application examples of the
8-lump model are introduced in this paper.

4.2.1. Optimization of operating conditions

For catalytic pyrolysis of various heavy feeds on catalyst
CEP-1, the variation of product yields with every operating
condition can be predicted by the 8-lump kinetic model, and
then the optimal operating conditions can be obtained. In this
paper, Chinese Daqing atmospheric residue is used as an
example for the optimization of operating conditions.

The variation of product yields with the residence time of oil
gas is shown in Fig. 6, keeping reaction temperature, the weight
ratios of catalyst-to-oil, steam-to-oil and the residence time of
catalyst constant at 660 °C, 16, 0.6 and 30 s, respectively. As
the residence time of oil gas prolongs, all product yields
increase quickly until a residence time of 0.3 s is reached, and
then the yields of ethene, coke and light alkanes go up slowly,
while those of gasoline plus diesel oil, propene plus butene and
propane plus butane decrease slowly due to secondary
reactions.

Fig. 7 shows the effect of the residence time of oil gas on the
yields of total light olefins at 600, 630, 660 and 700 °C, keeping
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‘E 32F o @ (s]
= 1 v 700°C @ o Db A
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Experimental yields, wt%

Fig. 5. Experimental yields (plots) vs. predicted ones (line) for propene plus
butene.
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Fig. 6. Variation of predicted product yields with the residence time of oil gas.

the weight ratios of catalyst-to-oil, steam-to-oil and the
residence time of catalyst fixed at 16, 0.6 and 30 s, respectively.
As the residence time of oil gas prolongs, the yields of total
light olefins at 700 and 660 °C pass through maxima at about
0.75 and 2.0 s respectively, while those at 630 and 600 °C
increase quickly until a residence time of 0.3 s is reached, and
then increase slowly, not reaching maxima until 5.0 s. For the
predicted yields of total light olefins, the maximum at 700 °C is
0.3 wt.% higher than that at 660 °C.

The higher the reaction temperature, the bigger the
maximum of total light olefins, and the shorter the residence
time of oil gas at the maximum of total light olefins. The
optimal residence time of oil gas at 700 °C is between 0.5 and
1.5 s, and that at 660 °C is between 1.0 and 3.0 s. The lower the
reaction temperature, the longer the optimal residence time of
oil gas. This indicates that catalytic pyrolysis of heavy oils
should be conducted at high temperature and short residence
time of oil gas.

Figs. 8 and 9 show the predicted variation of ethene yields
and propene plus butene yields respectively, keeping the weight
ratios of catalyst-to-oil, steam-to-oil and the residence time of
catalyst constant at 16, 0.6 and 30 s, respectively. The predicted

50

451
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35
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Yields of total light olefins, wt%

25 " 1 " 1 " 1 n 1 " 1

Residence time of oil gas, s

Fig. 7. Variation of the yields of total light olefins with the residence time of oil
gas.
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Fig. 8. Variation of predicted ethene yields with the residence time of oil gas.

ethene yields at high temperatures are bigger than those at low
temperatures, while the predicted propene plus butene yields at
high temperatures are less than those at low temperatures. This
explains that the optimal reaction temperature for much ethene
production is higher that that for much propene production.

4.2.2. Selection of cracking feeds

For catalytic pyrolysis of heavy oils, the reaction behaviors
and product distribution will vary with the feed properties. The
8-lump model can be used to predict the cracking ability of
various heavy feeds, to determine whether a heavy feed is
suitable for catalytic pyrolysis or not, and to select the better
feeds for catalytic pyrolysis.

Figs. 10 and 11 illustrate the influence of feed aromaticity
(the content of aromatic carbons in heavy feeds) on the percent
conversions of heavy feeds and non-aromatic carbons at various
reaction temperatures, keeping the weight ratios of catalyst-to-
oil, steam-to-oil and the residence time of catalyst constant at
16, 0.6 and 30 s, respectively. At low feed aromaticity (less than
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Fig. 9. Variation of predicted propene plus butene yields with the residence
time of oil gas.
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Fig. 10. Variation of the percent conversion of heavy feeds with feed aroma-
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30%), the percent conversion of heavy feeds and that of non-
aromatic carbons are not sensitive to reaction temperature.
However, at high feed aromaticity (higher than 30%), these two
conversions increase with the enhancement of reaction
temperature. The percent conversion of non-aromatic carbons
is close to 100% until a feed aromaticity of 30% is reached, and
then it decreases as feed aromaticity goes up. The percent
conversion of heavy feeds also shows the similar variation with
increasing feed aromaticity.

Figs. 12 and 13 show the variation of the predicted yields of
ethene and propene plus butene with feed aromaticity, keeping
the weight ratios of catalyst-to-oil, steam-to-oil and the
residence time of catalyst fixed at 16, 0.6 and 30 s, respectively.
The predicted yields of light olefins decrease almost linearly
with the increase of feed aromaticity. Considering the percent
conversion and the product yields of heavy feeds, together with
the economic benefits of catalytic pyrolysis processes, we draw
a conclusion that heavy oils with the aromaticity higher than
30% are not suitable for the feeds of catalytic pyrolysis.
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Fig. 11. Variation of the percent conversion of non-aromatic carbons with feed
aromaticity.
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5. Conclusions

A new 8-lump kinetic model for heavy oil catalytic pyrolysis
is proposed. The model includes non-aromatic carbons,
aromatic carbons, gasoline plus diesel oil, propene plus butene,
propane plus butane, ethene, light alkanes and coke as lumps,
and has 17 kinetic constants and one for catalyst deactivation.

A new catalyst deactivation model is presented. The model
is a function of feed properties and operating conditions. The
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catalyst deactivation constant was determined by the least
square regression analysis of experimental data. This deactiva-
tion constant doesn’t vary with reaction temperature.

Experimental data obtained in a confined fluidized bed
reactor at temperatures of 600, 630, 660 and 700 °C were used
to estimate kinetic constants and apparent activation energies
for each involved reaction. Most of the estimated apparent
activation energies are higher than 100 kJ/mol, between the
apparent activation energies for catalytic cracking and those for
thermal cracking.

Product yields predicted by the 8-lump model show a good
agreement with experimental data. The variation of product
yields and product distribution with operating conditions and
feed properties was predicted. For much production of light
olefins, catalytic pyrolysis of heavy oils had better be conducted
at high temperature and short residence time of oil gas, and
heavy oils with the aromaticity higher than 30% had better not
be considered as the feeds of catalytic pyrolysis.
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SECONDARY CRACKING OF C4 HYDROCARBONS
FROM HEAVY OIL CATALYTIC PYROLYSIS

Xianghai Meng’, Chunming Xu and Jinsen Gao

State Key Laboratory of Heavy Oil Processing, China University of Petroleum, Changping, Beijing, 102249, Ching

For C4 hydrocarbons from heavy oil catalytic pyrolysis, the cracking behavigurs on catalyst CEP-1 and quartz sand were investigated in a
confined fluidized bed reactor. C4 hydrocarbons show a good cracking abliity on CEP-1, and butene is easier to convert than butane. Only at
high reactlon temperatures can butane present a good cracking abliity. On catalyst CEP-1, C4 hydrocarbons can undergo not only cracking
reactions, but also such reactions as hydrogen transter, polymerization and aromatization. The conversion of C4 hydrocarbons thermal pyroly-
sis is high, indicating that free radical reactions play an important part in the secondary cracking of C4 hydrocarbons. The product yields of
C4 hydrocarbons pyrolysis on quarty sand are usually lower than those on catalyst CEP-1, For both catalytic pyrolysis and thermal pyrotysis of
C4 hydrocarbons, the selectivity of propene is higher than that of ethene.

Pour des hydrocarbures en C4 venant de la pyrolyse catalytique d'huiles lourdes, on a étudié les comportements de craquage sur le catalyseur
CEP-1 et le sable de quartz dans un réacteur 2 it fiuldisé confiné. Les hydrocarbures en C4 montrent une bonne capacité de craquage sur le
CEP-1, et le butene est plus facile 3 convertir que ‘e butane, C'est uniquement 3 des températures de réaction élevées que le butane peut
présenter une bonne capacité de craquage. Sur le catalyseur CEP-1, les hydrocarbures en C4 peuvent supporter non seulement des réactions
de craguage, mals également des réactions comme le transfert d'hydrogéne, la polymérisation et 'aromatisation. La conversion de la pyrolyse
thermique des hydrocarbures en C4 est élevée, ce qui indique que les réactions des radicaux libres jouent un réle important dans le craquage
secondaire des hydrocarbures en C4. Les rendements en produits de la pyrolyse des hydrocarbures en C4 sur le sable de quartz sont habituel
lement plus faibles que ceux sur le catalyseur CEP-1. Tant pour la pyrolyse catalytique que thermique des hydrocarbures en C4, la sélectivité du

propéne est plus grande que celle de I'éthéne.

Keywords: C4 hydrocarbons, secondary cracking, catalytic pyrolysis, thermal pyrolysis, propene, ethene

INTRODUCTION
he studies on converting C4 hydrocarbons into ethene and
I propene have recently attracted great interest (Lemonidou
and Stambeuli, 1998; Ji et al., 2005; Jin et al., 2004; Wang
et al., 2004; Wang et al., 2002). Butene is relatively easier to
convert than butane, and therefere, researchers pay much
attentipn to the cracking behaviours of butane on various
catalysts (Lemonidou and Stambouli, 1998; Ji et al., 2005; Wang
et al,, 2004).

For catalytic pyrolysis of heavy oils, C4 hydrocarbons are
significant intermediate products. The produced C4 hydrocar-
bons can further undergo secondary cracking reactions. yielding
ethene, propene and other products. The reaction mechanism of
heavy uil catalylic pyrolysis is not well understood and needs
further study {(Meng et al., 2004; 2005). To the study on C4
hydrocarbons secondary cracking is helpful to the goaod
understanding of the reaction mechanisms of hydrocarbon
catalytic pyrolysis.

This paper studies the secondary cracking performance of C4
hydrocarbons from heavy oil catalytic pyrolysis. The influence of
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reaction temperature on feed conversion, product yields and
liquid components were investigated. Contrast tests of catalytic
pyrolysis and thermal pyrolysis of C4 hydrocarbons were
conducted, together with the discussion of the experimental
results,

EXPERIMENTAL

Feed and Catalyst

According to the distribution of C4 hydrecarbons obtained from
catalydc pyrolysis of Chinese Daging atmespheric residue, a
mixture of C4 fractions from four refineries was prepared and
used as feed. The components of the feed are given in Table 1.
The content of total C4 hydrecarbons in the feed is 92.13 wit%,
and that of 1otal C4 alkenes 1s 655.90 wt%.

* Authar to whom correspendence may be addressed.
E-mail address: mengxh@cup.edu.cn
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Tabde 1. Components of the feed

Component Value Component Value Component Value
Methane 0.0225 n-Butane 7.8418 i-Pentane 3.9529
Ethane 0.0098 Propadiene 0.0095 n-Pentane 0.1025
Ethene 0.0433 Acetylene 0.0071 1,3-Butadiene 0.0860
Propane 0,0258 t-2-8utene 14.8256 Propyne 0.2952
Cyclopropane 0.0052 n- Butene-1 13.2622 C5 alkenes 3.0087
Propene 0.1836 i- Butene 27.5001 Cé+ 0.2046
I-Butane 18.3874 ¢-2- Butene 10,2263

The catalyst utilized was CEP-1, and its primary properties are
listed in Table 2. CEP-1 is a catalyst for Catalytic Pyrolysis
Process (CPP) technology developed by the Research Institute of
Petroleumn Processing of China, and the U.S. patent (Shi et al.,
2001) gives more information of the catalyst.

Table 2. Properties of catalyst CEP-1
item Value ftem Value
Micro-activity index 70 Particle size

- distribution, wt%
Pore volume, cm3/g 0.19 0-20pm 1.2
Surface area, m?/g 80 20-40pm 13.4
Packing density, g/cm? [ 097 | 40-80ym 55.9
Particle density, g/cm3 1.5 >80pum 29.5

Apparatus

In experiments of catalytic pyrolysis and thermal pyrolysis of C4
hydrocarbons, a confined fluidized bed reactor was used, and
the schematic diagram is shown in Figure 1. §t is comprised of
five sections: oil and steam input mechanisms, a reaction zone,
temperature control system, and a product separation and collec-
tion system.
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Figure 1. Schematic diagram of the experimental set-up (1 - water tank; 2 - filter; 3 - water pump;

4 - steam furnace; 5 - C4 feed tank; 6 - electronic balance; 7 - C4 buffer tank; 8 - constant-pressure
nitregen; 9 - C4 feed pump; 10 — counterbalance valve; 11 - preheater; 12 ~ thermocoupie; 13 - reactor;
14 - heater; 15 - catalyst inlet and outlet; 16 — condenser; 17 - liquid product sampler;

18 - gas-collection vessel; 19 - beaker; 20 - gas sample bag)
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The experiments were carried out at various temperatures
between 600 and 700°C, with residence times of oil gas, the weight
ratios of catalyst-to-oil and steamn-to-oil kept constant at 3.0 s, 16.5
and 0.52, respectively. For each experiment, 60 grams of catalyst (or
quartz sand for thermal pyrolysis) were loaded into the reactor with
an effective volume of about 580 ml. A variable amount of distilled
water was pumped into a furnace to form steam, and then mixed
with the feed pumped simultaneously by another pump. The
mixture was heated to approximately 500°C in a pre-heater, and
then entered into the reactor. where C4 feed contacted with
fluidized catalysts and reactions took place. The oil gas after
reaction was cooled and separated into the liguid product and the
gas product, which were collected respectively. The coked catalyst
after reaction was drawn out of the reactor by a vacuum pump.

Analytical Methods

Pyrolysis products include pyrolysis gas, pyrolysis liquid and
coke. An Agilent 6890 gas chromatograph with Chem Station
software was used to measure the volume percentage of the
components in pyrolysis gas. The equation of state for ideal
gases converts these data to mass percentage. The pyrolysis
liquid was analyzed with an AC gasoline component analyzer to
get the weight percentage of the components. Coke content on
catalysts was measured with a coke analyzer.

SECONDARY CRACKING
OF C4 HYDROCARBONS

For secondary cracking of C4
hydrocarbons, the influence of
reaction temperature on feed
converston, product yields and
liquid components was investi-
gated.

20

Effect of Reaction
Temperature on Feed
Conversion

The variation of conversion with
reactlon temperature is shown in
Figures 2 and 3. The conversion
= of C4 alkenes is above 80%,
much higher than that of C4
alkanes. As reaction temperature
goes up, both the conversion of
C4 alkenes and that of C4 alkanes
increase.
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Figure 3, Conversion of C4 alkanes vs. reaction temperature

For C4 alkenes, the conversion of n-butene-1 is the highest,
and that of c-2-butene is the lowest. The conversion of n-butane
is higher than that of i-butane, and the gap decreases with the
enhancement of reaction temperature. When reaction tempera-
ture is lower than 640°C, the conversion of i-butane is negative,
indicating that I-butane is the product, but not the reactant, from
the viewpoint of the whole reaction process.

At acidic centres on catalyst surface, C4 alkenes are easy to
form carbunium jons, through which reactions can take place,
and consequently, the conversion is high. But for C4 alkanes, the
forming rate of carbonium ions is low; in addition, C4 alkenes
can convert into C4 alkanes through hydrogen transfer reactions,
50 the conversion of C4 alkanes at low reaction temperature is
low. However, C4 alkanes can undergo free radical reactions at
high reaction temperature, so the conversion of C4 alkanes will
increase as reaction temperature goes up.

Effect of Reaction Temperature on Product Yields

Figure 4 shows the variation of product yields with reaction
temperature. As reaction teraperature goes up, the yields of dry
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Figure 4. Product yields vs. reaction temperature

gas and coke increase to different extent, and that of C3 hydrocar-
bons shows 2 maximum at about 660°C. The yield of liquid
products decreases firstly until a reaction temperature of 660°C is
reached, and then it remains relatively constant.

In the reaction temperature range of 600 to 700°C, C4
hydrocarbons can not only crack into light hydrocarbons, but
also form gasoline and diesel by polymerization, cyclization and
aromatization. The formed gasoline and diesel are intermediate
products, which can further crack into other products, so the
yield of liquid products will decrease with increasing tempera-
ture. However, as reaction temperature further increases (over
660°C), the content of chain hydrocarbons (easy to crack) in
gasoline and diesel becomes more and more lower, and therefore,
the yield of liquid products varies slightly.

As reaction temperature goes up, the variation of light alkenes
and light alkanes are shown in Figures 5 and 6, respectively. The
yields of ethene and ethene plus propene increase gradually with
increasing reaction temperature, while that of propene passes
through a maximum at about 660°C. The yields of hydrogen,
methane and ethane increase gradually as reaction temperature
goes up, and that of propane decreases over 630°C, Indicating
that propane further undergoes secondary reactions.

Effect of Reaction Temperature on Liquid Components

For secondary cracking of C4 hydrocarbons, a small quantity of
liquid sample was collected, and then the components were
measured with an AC gasoline component analyzer. According
to the analysis data of the gas sample and the liquid sample, the
components in pyrolysis liquid at two reaction temperatures
were calculated, listed in Table 3.

The main components in pyrolysis liquid are pentene,
pentane, hexene and such aromatics as benzene, toluene, C2
benzene, C3 benzene and heavy aromatics. This shows that
such reactions as cracking, polymerization, cyclization and
aromatization do take place in the process of C4 hydrocarbons
secondary cracking. As reaction temperature goes up, the
contents of alkanes, hexene and C3 benzene in pyrolysis liquid
decrease, while those of pentene, benzene, toluene and heavy
aromatics increase, indicating that the reaction extent becomes
more thorough.
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40 Table 3. Component contents In pyrolysis liquid, wt%
36 A Temp. °C | Carbon |Saturates| Olefins | Aromatics | Total
X number
%_ 321 600 s 31.37 34.12 - 65.49
8 28l —0o— ethene 3 0.36 5.20 0.75 6.31
é —O— propene 7 0.3 041 73 7.65
= 24t ~—a— ethene+propene 8 0.05 002 | 1108 | 115
fm 20l ° 9 0 0 5.14 S5.14
=0 10 0 0 1.06 1.06
E 16 - 1" 0 0 0 0
% 12+ 0 o 3.21 2
¢ 12 Total 3200 | 3945 | 2855 |100
8 L L 2 1 i L s 700 5 12.20 41.44 - 53.64
600 620 640 660 680 700 6 012 3.74 337 8.24
Reacﬁon Mmperaturel °C 7 0.01 0.01 13.99 14,02
8 0 0 11.53 11.53
Figure S. Yields of light alkenes vs. reaction temperature ) 0 0 377 377
10 0 0 0.5% 0.59
18} 11 0 0 0 0
12+ 0 1] 8.20 8.20
14| D hydrogen
§ o methane Total 1234 | 4520 | 4246 (100
g‘ 12 4 ethane free radical reactions play a more and more important role in the
_§ 10} v propane process of C4 hydrocarbons catalytic pyrolysis.
= sl In experlmental runs, the conversion of butane on quartz sand
- is higher than that on the catalyst, but the conversion of butene
_‘:g: 6k on quartz sand is lower than that on the catatyst. This shows that
‘—6 the presence of catalyst CEP-1 can promote the converslon of
o 4+ butene. The conversion of butane on catatyst CEP-1 is low, and
ped 8 that of [-butane at reaction temperatures under 6§30°C is negative,
;" 2r ;,""::_—J-‘—"’P’ explaining that hydrogen transfer reactions do take place. it Is due
— -?————-? to the hydrogen transfer reactions that the conversion of butane
0 600 620 ™ 640 560 580 700 on the catalyst is lower than that on quartz sand.

Reaction temperature, °C

Figure 6. Yields of light afkanes vs. reaction temperature

COMPARISON OF THERMAL PYROLYSIS
AND CATALYTIC PYROLYSIS

For the good understanding of the mechantsms of hydrocarbons
catalytic pyrolysis, it is pecessary to study the behaviours of
thermal pyrolysis and compare them with those of catalytic
pyrolysis. At high reaction temperature (> 600°C), C4 hydrocar-
bons will certainly undergo free radical reactions, as well as
carbonium ion reactions on the active cenires of catalyst surface.
lo order to compare the thermal reactions with the catalytic
reactions in the process of C4 hydrocarbons catalytic pyrolysis, we
conducted experiments on quart sand and catalyst, respectively.

Comparison of Feed Conversion

The conversion for thermal pyrolysis and catalytic pyrolysis Is
Hsted in Table 4. As reaction temperature goes up, both the
conversion on quarz sand and that on the catalyst increase,
reaching 35.25% and 68.26% respectively at 660°C, and 61.79%
and 81.95% respectively at 700°C. The gap of the conversion
decreases with increasing reaction temperature, indicating that
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For catalytic pyrolysis of C4 hydrocarbons on catalyst CEP-1,
the conversion of butene {s higher than that of butane, especially
at low reaction temperature. This shows that the conversion rate
of butene js higher than that of butane. The cracking rate of
alkenes js much higher than that of alkanes following the
carbonium ion mechanism, therefore, catalytic pyrolysis of C4
hydrocarbons at low temperature mainty follows the carbonium
ion mechanism. However, at high reaction temperature (700°C),
the conversion of butene is stightly higher than that of butane,
showing that the conversion rate of butenc is slightly higher
than that of butane. The cracking rate of alkenes is similar to
that of alkanes following the free radical mechanism, therefore,
the free radical mechanism plays a significant role for catalytic
pyrolysis of C4 hydrocarbons at high temperature,

Compare of Product Yields

For thermal pyrolysis and catalytic pyrolysis of C4 hydrocarbons,
the product yields are listed in Table 5. For thermal pyrolysis of
C4 hydrocarbons, the yields of hydrogen, methane, ethane,
propane, ethene and propene increase with increasing reaction
temperature, and that of liquid plus coke decreases. For catalytic
pyralysis of C4 hydrocarbons, the yields of hydrogen, methane,
ethane and ethene increase as reaction temperature goes up,
those of propane and propene pass through maxima, and that of
liquid plus coke shows a minimum. The yields of ethane and
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Table 4. Conversion of C4 hydrocarbons, %
Thermal pyrolysis Catalytic pyrolysis

Temp. °C &00 630 660 700 600 630 660 700
i-Butane 6.84 13.82 28.72 64.40 -15.16 -8.39 17.31 54.43
n-Butane 6,18 12.59 29.75 66.64 2.32 10.29 29.55 63.65
t-2-Butene 8.73 20.73 49.05 82.39 80.39 B5.35 82.46 88.91
1-Butene 31,53 36.05 56,49 84.92 85.79 88.51 85.35 90.52
i-Butene 13.61 1215 1612 36.04 81.56 86.62 8425 90.24
¢-2-Butene 11.96 2192 49.05 82.23 79.82 84.07 81.41 87.90
C4 hydrocarbons 18.87 22.78 35.25 61.79 59.09 63.86 68.26 81.95
Table 5. Product yields, wi%

Thermal pyrolysis Catalytic pyrolysis
Temp. °C 600 630 660 700 600 630 660 700
Hydrogen 0.06 0.15 .41 0.96 0.22 0.36 0.58 103
Methane 0.62 1.96 5.82 16.69 220 3.67 6.70 15.06
Ethane 0.08 0.19 0.48 1.22 1.59 2.03 2.41 3.53
Propane 0.05 0.06 0.12 0.26 5.58 6.60 4.55 3.89
Ethene 0.67 1.39 3.84 11.43 947 12.82 14.30 18.72
Propene 3.45 613 12.31 19.53 1818 18.86 21.70 19.44
CO+CQ 0.44 0.53 0.79 0.97 2.60 3.50 3.55 3.49
Liquid+coke 12.40 1231 11.28 10.31 19.16 15.95 14.40 16.66
Table 6. Product selectivity, %

Thermal pyrolysis Catalytic pyrolysis
Temp. °C 600 630 560 700 600 630 660 700
Hydrogen 0.34 0.65 117 155 0.38 0.57 0.85 1.26
Methane 3.26 8.60 16.52 27.01 3.72 574 9.82 18.38
Ethane 0.43 0.82 1.35 1.97 2.69 3.17 354 4.30
Propane 0.29 0.26 0.34 0.42 9.45 10.34 6.66 4.74
Ethene 355 6.09 10.90 18.50 16.02 20.07 20.95 22.85
Propene 18.26 26.89 34.92 31.60 30.76 29,54 .79 23.72
Liquid+coke 65.72 54.04 32.02 16.69 32.42 24.97 21.09 20.33

propane on catalyst are much higher than those on quartz sand,
and this also shows that hydrogen transfer reactions play an
important role for catalytic pyrolysis of C4 hydrocarbons on
catalyst CEP-1.

No matter thermal pyrolysis or catalytic pyrolysis of C4
hydrocarbons, polymerizatton, cyclization, aromarizatinn and
condensation would take place to form liquid producis and coke,
besides cracking reactions to light products. The yield of liquid
plus coke is above 10 wi%, showing that the extent of polymer-
ization, cyclization, aromatization and condensation ig not low.
As reaction temperature goes up, the yield of liquid plus coke
decreases, indicating that the secondary cracking rcactions of
liquid products take place.

On quartz sand or catalyst CEP-1, C4 hydrocarbons can
undergo cracking reactions directly to form light products and
aromatization reactions to yield liquid products: or they can
polymerize to intermediate liquid products, and then the
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intermediate products undergo such reactions as cracking,
isomerization, aromatization, cyclization and condensation. All
of these reactions result in the variation of pyrolysis products.

Comparison of Product Selectivity

In this paper, product selectivity is defined as the product yield
when a unit of feeds is converted, that is the ratio of the preduct
yield to the conversion. For thermal pyrolysis and catalytic
pyrolysis of C4 hydrocarbons, the product selectivity is given in
Table 6.

The product ylelds of thermal pyrolysis are usually lower than
those of catalytic pyrolysis, but the product selectivity of thermal
pyrolysis is not always lower than that of catalytic pyrolysis due
to the low conversion of thermal pyrolysis.

For the cracking of hydrocarbons, the selectivity of ethene and
ethane following the carbonium ion mechanism 15 generally
lower than that following the free radical mechanism. However,
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the selectivity of ethene and ethane for C4 hydrocarbons catalytic
pyvolysis is higher than that for thermal pyrolysis. As for
catalytic pyrolysis of C4 hydrocarbons, butene can form iso-
butyl and tert-butyl carbonium ions that are hard to crack
because there are na f§ C-C bonds in the molecular structure,
However, at high reaction temperature (600-700°C), these
carbonium ions can absorb the energy about 10 to 25 kJ/mol
(Jin, 1986), and change into n-butyl carbonium ions, which can
crack at p C-C bonds to form ethene and ethane.

For C4 hydrocarbons thermal pyrolysis, the selectivity of
propene is higher than that of ethene. The reactions of C4
hydrocarbons thermal pyrolysis follow the free radical
mechanism. According to the mechanism, C4 hydrocarbons will
form buty) free radicals, and the ratio of n-butyl primary free
radicals to the total butyl free radicals is low. Only n-butyl
primary free radicals can yield ethene, while other butyl free
radicals tend to yield propene. In addition, since the carbon
chain of butyl free radicals is short, butyl free radicals usually
undergo primary cracking, and the formed methyl and ethy! free
radicals are hard to crack any more. Consequently, the selectivity
of ethene is low. while that of propene is high.

CONCLUSIONS

1. C4 hydrocarbons have a good cracking ability on catalyst
CEP-1, and butene is easier to convert than butane. Reaction
temperature does nat show a great effect on catalytic pyrolysis
of butene, but bas a significant influence on that of butane.
Only at high reaction temperatures can butane present a good
cracking ability.

2. On catalyst CEP-1, C4 hydrocarbons can undergo not only
cracking reactions, but also such reactlons as hydrogen
transfer, polymerization and aromatization. The polymerized
intermediate products can further undergo -cracking,
isomerizatian, cyclization, aromatization and condensation
reactions.

3. In experimental runs, the conversion of C4 hydrocarbons on
quartz sand Is high, explaining that free radical reactions play
an imponant role for catalytic pyrolysis of C4 hydrocarbons.
The catalyst is of great importance at low reaction temperature,
but free radical reactions become more and more important
with increasing reaction temperature.

4. The product ylelds on quartz sand are usually lower than
those on catalyst CEP-1. The selectivity of ethene and ethane
of catalytic pyrolysis is higher than that of thermal pyrolysis.
For C4 hydrocarbons thermal pyrolysis, the selectivity of
propene is higher than that of ethene.
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Abstract

NO decomposition reaction was investigated over La,_,Th,CuQy, in which the valence of copper was controlled by Th substitution
and was characterized by XPS measurement. A close correlation between the valence of copper and the activity was observed. The activ-
ity increased with the decrease of the average oxidation number of copper, and increased with the increase of Cu™ content, suggesting
that the transition metal with low valence (Cu™) is active for the reaction in the present cases.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Perovskite-like oxides; La, ,Th,CuOy,; XPS; NO decomposition

1. Introduction

A,BOy, which has the K,NiF,-type structure, consists of
alternating layers of perovskite (ABO;) and rock-salt (AO)
and has a well-defined bulk structure so that the composi-
tion of cations at both A and B sites can be variously chan-
ged [1]. They thus provide an opportunity to control the
oxidative state of transition metal(s) and the content of
non-stoichiometric oxygen (4) by partial substitution of
the A- and/or B-site cations, without destroying the matrix
structure. Therefore, they are suitable materials for the
study of correlations between the solid-state chemistry
and catalytic properties [2,3].

Catalytic decomposition of NO is the most desirable
way of removing NO, from exhaust gas streams since it
does not involve the addition of a supplemental reductant
and the products of the reaction (N, and O,) are nontoxic
[4,5], and Cu-containing compounds are active catalysts for
this reaction [6-10]. Although many schemes have been

* Corresponding author. Tel.: +86 431 5262228; fax: +86 431 5685653.
E-mail address: xgyang@ciac.jl.cn (X. Yang).

1566-7367/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.catcom.2005.08.008
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proposed for the NO decomposition reaction [7,10,11],
the conclusion is various and little is known of the factors
corresponding for the activity. We previously have re-
ported the structure properties of La,_,Th,CuO4 and its
activity for NO removal [12,13]. Here, we were interested
in investigating the correlation between the valence of
copper and the activity of NO decomposition; the catalyst
models were selected to be La, , Th,CuOy4 (0.0 < x < 0.4),
in which the valence of copper was well controlled by Th
substitution.

2. Experimental

The samples, La,_,Th,CuO4, 0< x < 0.4, were pre-
pared by citrate method as described elsewhere [14]. Briefly,
to an aqueous solution of La**, Th*" and Cu®" nitrates
(Th*" was obtained by dissolving ThO, in HNO; solution)
with appropriate stoichiometry, a solution of citric acid
50% in excess of cations was added. The resulting solution
was evaporated to dryness, and then the precursors were
decomposed in air at 573 K, calcined at 873 K for 1 h
and finally pelletized and calcined at 1223 K in air for
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12 h, the synthesized pellets were pulverized to ca. 40-80-
mesh size to be used.

Powder X-ray diffraction (XRD) data were obtained
from a X-ray diffractometer (type D/MAX B) over the ran-
ger 20°<20<80° at room temperature, operating at
40 KV and 10 mA, using Cu Ko radiation combined with
nickel filter.

The X-ray photoelectron spectra (XPS) were obtained
with an ESCA MARK II instrument employing Mg Ko
radiation (1253.6 ¢V) under a high vacuum of 10~ Pa.
The binding energies were calibrated by using a C1s peak
(284.6 eV) as a background. The surface composition of
the catalyst was calculated according to the literature [15].

NO decomposition reaction was carried out in a flow
reactor made of quartz with an internal diameter of
6 mm by feeding 1.0 vol.% NO/He at a flow rate of
22.5ml min~! over 0.5 g catalyst. The NO decomposition
activity was measured at 30 min after the reaction start.
The gas composition was analyzed by gas chromatography
with molecular sieve 5SA (NO, N,, O,) and Porapak Q
(N,O) columns. The activity was evaluated in terms of
NO conversion as described elsewhere [16].

3. Results and discussion

The crystal structure, surface area, nonstoichiometry,
and the average oxidation numbers of copper in the cata-
lysts are summarized in Table 1. The X-ray diffraction pat-
terns showed that the samples were in K,NiF,-type
structure although trace of impurities (ThO,) were detected
at x > 0. The structures of all the samples were orthorhom-
bic. According to the tolerance factor ¢ defined for A,BOy,
oxides: t = A,O)/Zl/ 2”(1370) (where r(a_o) and r_o) are dis-
tances obtained from ionic radii [17]), the ¢ value relates
closely to the structure stability. It has been reported [17]
that La,CuQy is in orthorhombic structure because the ¢
value (7 = 0.85) is below the threshold of tetragonal struc-
ture (0.85 <7< 1.02). This agrees with the present results.
When Th*" substituted for La®>" in La,CuO,, the samples
La, ,Th .CuOy4 (0 <x < 0.4) maintained the orthorhom-
bic structure, since the introduction of the smaller ionic
radii Th*" decreases the ¢ value. Here, we represented the
samples as La,_,Th,CuQy,, although the actual composi-

Table 1

Physical properties and catalytic activity of La, ,Th,CuO4 (0.0 < x < 0.4)
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tion is La,_,Th,CuOy4;,;, or even is La,_ ,Th,CuO4
(0 <y < x) due to the appearance of ThO,.

The average oxidation number of copper in the as-pre-
pared samples decreased obviously from 2.02 for La,CuQOy4
to 1.89 for La; ¢Thg4CuOy, and the composition became
more oxygen-rich with Th*" substitution. For example,
(based on the principle proposed in [15]), when 40% Th*"
substituted for La*" in La,CuO, will result in
La, ¢Tho4CugtCug ;0414 (see data in Table 1), while
La, 4Thy4Cu;;Cug,O,4 would represent the composition if
the Th*" substitution caused only partial reduction of cop-
per (Cu®** — Cu™). So, the 17.5% increase in positive
charge of copper is compensated for the excess oxygen.
The average oxidation number of copper was calculated
by iodometric titration [18] without treating the as-pre-
pared samples. The stoichiometry was calculated on the
assumption that copper was present as either a mixture
of Cu*" and Cu*" or a mixture of Cu™ and Cu®", and other
elements were present as La*>", Th*", and O*~, respectively
[15].

In all, the above result showed that the valence of cop-
per could be well controlled by the substitution of Th for
La without changing the K,NiF,-type structure.

X-ray photoelectron spectra of the Cu2p region were
shown in Fig. 1. All the catalysts have intense shake-up sa-
tellite peaks on the high binding energy sides of the Cu2py,
» and Cu2p;), peaks. The I,/ Inain ratio of Cu2p;, satel-
lites can be used as a measure of the valence of copper
[15], and it is seen that this ratio decreased with the increase
of x, indicating the increase of Cu' content. This is in
agreement with that measured by the iodometric titration
method. In addition, by referring the Iy /Ipn.n ratio of
CuO (Igai/Imain = 0.53 [19]), we also assumed that the I,/
Inain ratio is 0.53 for Cu®" and the intensity ratio is propor-
tional to the fraction of Cu®" [15]. Then, from the observed
ratio listed in Fig. 1, we can obtain the oxidation state of
copper to be 1.98, 1.91, 1.89, 1.85 and 1.79 for x = 0-0.4,
respectively. These values were in generally agreement with
those listed in Table 1.

The surface and the bulk composition of the metallic ele-
ments are summarized in Table 2, they were calculated
from the XPS peaks and the quantities of the starting mate-
rials, respectively. The Cu content on the surface decreased
with the increase of x and was always lower than that in the

Catalysts Structure Surface area (m?/g) Ox. no. of Cu® Content of Cu™ (%) b

La,CuOy4 K,NiF, (0°) 2.5 2.02 0 +0.01
La, 9Thy ;CuOy4 K,NiF,(O) + ThO, (tr.%) 2.8 1.98 2 +0.05
La; §Thy,CuOy K,NiF4(O) + ThO, 2.7 1.95 5 +0.07
La, 7Thy 3CuOy4 K,NiF4(O) + ThO, 2.4 1.91 9 +0.11
La,; ¢Thy4CuOy4 K,NiF4(O) + ThO, 22 1.89 11 +0.14

# Average oxidation number of copper.
® 2 in La,_,Th,CuOy ;.

¢ O, orthorhombic.

4 tr., trace.
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Fig. 1. XPS spectra of Cu2ps/, in La, Th,CuOy4 (0.0 < x < 0.4).

Table 2
Surface and bulk composition of La, , Th,CuO,4 (0.0 < x < 0.4)

50
ThOA
404 '\ T=1123K
¥ Thy,
E 304 \Ehuz
%
% ThOl
S 20+ m "
o
Z
10
Tht\,()
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T T T T T T T T
1.88 1.92 1.96 2.00 2.04

Average oxidation number of copper

Fig. 2. Correlation between NO conversion and average oxidation number
of copper without pretreatment of the catalyst. Thy 4, Thy 3, Thg 5, Thy ; and
Thy represent the NO conversion of La; ¢Thy4CuQOy, La;;Thy;CuOy,
La; §Thy,CuQy, La; 9Thy ;CuO,4 and La,CuQy, respectively.

Catalysts Surface composition (%) Bulk composition (%)*

La Th Cu La Th Cu
La,CuOy4 84.89 0.00 15.11 66.67 0.00 33.33
La; ¢Thy ;CuO, 66.21 18.33 15.46 63.33 3.33 33.33
La; gThy,CuO, 56.14 29.51 14.35 60.00 6.67 33.33
La; ;Thy 3CuOy4 49.34 38.13 12.53 56.67 10.00 33.33
La; ¢Thy 4CuO, 45.32 42.24 12.44 53.33 13.33 33.33

# These values were calculated from the quantity of the starting material.

bulk, due to the enrichment of La and/or Th on the sur-
face. With the Th substitution, the surface Th content in-
creased significantly and was far higher than that in the
bulk, suggesting that the enrichment of Th on the surface
is strong. This might be one of the reasons that ThO,
was formed in the system.

The activity of NO decomposition at 1123 K over the
catalysts was shown in Fig. 2 (Note: ThO, showed no
activity for NO decomposition in the experiment, and
hence its influence was neglected). By correlating the aver-
age oxidation number of copper with the activity, it is obvi-
ous that the activity decreased with the increase of the
average oxidation number of copper, indicating that the
low valence copper (Cu’ ions, as shown in Table 1) ac-
counts for the reaction, or is the active site of NO decom-
position (Cu™ — Cu®").

The reason why the activity decreases with the increase
of average oxidation number of copper is not obvious at
present although many works in this field have done [20].
It could possibly be due to the easier oxidation of Cu™ in
the redox cycle of Cu' «— Cu®", resulting in the active
adsorption of NO, ie., Cu'+ V,+NO — [Cu2+— V
o—NO]—= Cu®> " +1/2N, + O~ (V,: oxygen vacancy),
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since the adsorption of NO on the active site is difficult
at high temperatures (7= 1123 K) [16]. The presence of
Cu™ is possible because of the introduction of the high va-
lence ions Th**.

4. Conclusion

We investigated the NO decomposition reaction over
well-characterized La,_, Th,CuQ, catalyst, in which the
valence of copper was controlled by Th substitution. The
valence of copper decreased with the increase of Th con-
tent. A close correlation between the activity of NO decom-
position and the valence of copper was observed. The low
valence Cu™ is active for the reaction due to the easier oxi-
dation of Cu™ in the redox cycle of Cu™ — Cu®", resulting
in the active adsorption of NO.
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CrHZSM-5 zeolites — Highly efficient catalysts for catalytic cracking
of isobutane to produce light olefins
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The CrHZSM-5 catalysts with trace amount of Cr were firstly used for catalytic cracking of isobutane, and the effect of Cr-
loading on the catalytic performances of CrHZSM-5 catalysts for the cracking of isobutane was also studied. The results suggested
that when the loading of Cr in the CrHZSM-5 catalysts was less than 0.038 mmol/g Cr, especially at Cr loading of 0.004 mmol/g,
both the reactivity of isobutane cracking and the selectivity to light olefins of CrHZSM-5 samples were greatly enhanced compared
with the unpromoted HZSM-5, and very high yields of olefins(C,+ C;) and ethylene were obtained. For instance, the yield of
olefins(C, + C;) and ethylene reached 56.1% and 30.8%, respectively, at 625 °C when 0.004 mmol/g Cr was loaded on HZSM-5

sample.

KEY WORDS: CrHZSM-5 zeolite; catalytic cracking; isobutane; light olefins.

1. Introduction

At present, ethylene is primarily produced by steam
cracking, and propylene is the main byproduct in this
process, accounting for over 90% of total propylene
output. The method of steam cracking for producing
ethylene and propylene cannot satisfy a fast growing
demand for them today. The new methods to produce
propylene including the catalytic cracking of C4 olefins
[1-2] or C4 alkanes feedstocks [3-6], Oxidative dehy-
drogenation of propane, and catalytic cracking of heavy
oil are indispensable and significant to be studied and
developed.

Nowadays, the turnout of C4 fraction is about 150—
200 million tons every year in the world. It is predicted
that the C4 fraction will be another valuable petro-
chemical material that could be well utilized after eth-
ylene and propylene. C, fraction is mainly produced
from catalytic cracking and steam pyrolysis. The utili-
zation of C4 in chemical industry was mainly olefins,
and C4 alkanes were primarily used as fuel. Isobutane
was one of the main components of C4 alkanes which is
often used for alkylation reaction to produce high
octane number gasoline[7,8], and dehydrogenation to
produce isobutene [9-11].

ZSM-5 zeolite has been extensively studied as the
active catalyst for a variety of reactions owing to its
reactivity and special pore structure [12-14]. Alfons
et al. [3,4] reported the kinetic and product distribution
pattern of isobutane pyrolysis. Ararwal et al. [15]

*To whom correspondence should be addressed.
E-mail: zhenzhao@cup.edu.cn
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investigated the catalytic cracking of isobutane and
methylcyclohextane over USY zeolite, and discrimi-
nated reaction steps with kinetic significance, introduced
model parameter, and undertook interrelated Kinetic
calculation. Sun et al. [16] reported the isobutane cata-
lytic cracking over HZSM-5 under low pressure and
dehydrogenation kinetics.

In this paper, isobutane was used as feedstock to
investigate its catalytic cracking property over CrHZSM-
5 to produce light olefins. Very high reactivity and
selectivity for catalytic cracking of isobutane was
obtained over CrHZSM-5 catalysts with trace amount
of Cr. For example, the yields of olefins(C,+ C3) and
ethylene reached 56.1% and 30.8%, respectively, at
625 °C.

2. Experimental

The HZSM-5 zeolite was manufactured by Qi Lu
Petrochemical Corporation Catalysts factory (Si:Al
mole rate = 32). The zeolite was impregnated by certain
concentration Cr(NOj);- 9H,0 solution with an incipi-
ent-wetness impregnation method. The loading amounts
of Cr were 0.00, 0.004, 0.010, 0.019, 0.038, 0.077, 0.154
and 0.231 mmol/g, respectively. The impregnation per-
iod lasted for half an hour at the temperature range of
30—40°C and then dried at 120 °C and finally calcined at
700 °C in air atmosphere for 4 h. After finishing the
preparation of this series of catalysts, they were marked
as 0#, 1#, 2#, 3#, 4#, 5#, 6# and 7# according to the
different concentrations of Cr correspondingly.

1011-372X/06/0600-0065/0 © 2006 Springer Science+Business Media, Inc.
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In a fixed-bed flow reactor the catalytic reaction was
carried out by passing a gaseous isobutane (2 mL min ",
99.9%) in a N, flow at a total flow rate 40 mL min~"
over 200 mg catalyst (total pressure: 1 atm). The prod-
ucts were analyzed on-line using a gas chromatograph
(SP3420) equipped with a 50 m PONA capillary column
and FID detector [5].

Acidic amounts of the zeolite were measured by
NH;-TPD (Temperature-programmed desorption of
ammonia) method. 0.2 g samples with the sizes of 40—
80 mesh were pretreated at 500 °C for 2 h, cooled to
120 °C and adsorbed NH; for 30 min, then tempera-
ture-programmed desorption started at a rate of 15 °C/
min from 120 to 800 °C. The signal was monitored with
a TCD detector. In order to obtain the total acid
amount, the desorbed ammonia was absorbed by HCl
solution (0.01 mol/L) and then titrated by NaOH solu-
tion (0.01 mol/L), finally the acidic amount and density
of the zeolite were calculated. According to the tem-
perature of the desorption peak and the relative inten-
sity of acid sites of the samples was analyzed, and the
acid amount of the acid sites with different intensities by
peak areas were calculated.

UV-Vis absorption spectra of the samples were
measured with a spectrophotometer (Hitachi U-4100)
equipped with the integration sphere diffuse reflectance
attachment.

3. Results and discussion

The effect of loading amount of Cr(III) on the reac-
tivity and selectivity of CrHZSM-5 catalysts for the
cracking of isobutane are shown in table 1.

The results in table 1 indicate that the reactivity of
the catalysts for catalytic cracking changed obviously
with the loading amount of Cr(III). For the CrHZSM-5
samples with the loading amount of Cr (III) below
0.038 mmol/g Cr, the reactivities of CrHZSM-5 samples
were higher than that of 0#, HZSM-5 sample. The
highest catalytic cracking reactivity was obtained over
1# sample, and the reactivity of catalytic cracking slowly
decreased with the further increasing of Cr-loading
amount. In the same temperature range, the loading
amount of Cr had also large effect on the selectivity of
the product. The selectivity to aromatic hydrocarbon
and butene smoothly increased with rising the loading
amount of Cr(IIl), while the selectivity to methane,
ethylene, propane and olefins(C, + Cs) slowly decreased
with the increasing loading amount of Cr(III).

The product yields of ethylene, proylene and ole-
fins(C,+ C;) in the catalytic cracking isobutane over
CrHZSM-5 catalysts are shown in figure 1.

It can be seen from figure 1 that the yields of ethylene
and olefins(C, + C3) over 1#~4#CrHZSM-5 samples
were apparently higher than those of 0#, the unmodified
HZSM-5 sample, which were all more than 24.9% and
51.8% at 625 °C, respectively. Especially at 625 °C, over
1# CrHZSM-5 samples, the yields of olefins(C, + C3)
and ethylene could reach 56.1%, 30.8%, respectively,
which were much higher than those of 0#, HZSM-5
sample.

Compared with unmodified HZSM-5 zeolite, the
olefins of propylene and ethylene of 1# ~ 4# could keep
high yields at the temperatures of 600 and 625 °C, and
the yield of butene obviously decreased. These results
demonstrate that a small amount of Cr played an
important role of modification, not only did it enhance

Table 1
The reactivity and the selectivity (%) of CrHZSM-5 for the cracking of isobutane to produce light olefins

Catalysts Temperature ~ Conversion Selectivity (%)
(°C) (%)
Methane  Ethane  Propane  Ethylene Propylene Butene Arene  Olefins(C,+ Cs)

O# 600 93.4 134 0.4 2.7 19.5 30.6 12.7 10.1 50.1
White 625 98.8 12.8 0.4 2.2 21.6 25.4 9.2 14.7 47.0
1# 600 97.0 15.0 0.8 3.5 27.1 29.3 7.6 14.3 56.4
White 625 99.7 15.4 1.0 2.9 30.9 25.4 4.7 19.2 56.3
2# 600 96.5 14.5 0.9 33 25.0 28.5 7.7 14.0 53.5
White 625 99.6 15.2 1.1 2.5 28.2 24.9 4.7 20.0 53.1
3# 600 96.5 14.0 1.0 3.2 24.3 28.6 8.1 16.8 52.9
Lightyellow 625 99.6 14.7 1.3 2.4 274 24.8 4.8 21.6 522
44 600 94.0 134 1.1 2.8 22.1 30.3 9.7 15.1 524
Light green 625 98.9 14.1 1.4 2.3 25.2 27.2 6.6 20.3 524
S# 600 92.4 13.7 14 2.5 20.4 29.3 10.4 184 49.7
Light green 625 98.0 14.2 1.7 2.2 22.6 26.0 7.1 23.4 43.6
o# 600 93.3 14.0 1.3 23 20.3 29.1 10.2 18.1 494
Green 625 98.4 14.7 1.5 1.8 22.9 26.3 7.0 23.1 49.2
TH# 600 94.3 13.1 1.1 2.3 19.7 27.6 9.6 17.3 47.3
Green 625 98.7 13.6 1.3 1.8 224 25.0 6.5 24.5 474

Note: The butene was mainly i-butene, 2-butene (including frans-butene and sis-butene), the arene included benzene and toluene, the selectivity of

olefins included ethylene and propylene without butene and dibutene.
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Figure 1. The olefin yields in catalytic cracking isobutane over
CrHZSM-5(at 625 °C).

the reactivity for the catalytic cracking of isobutane, but
also increased the selectivity of olefins, especially the
selectivities to ethylene.

In order to study the nature of catalytic cracking of
isobutane over CrHZSM-5 zeolite samples and exclude
the effect of pyrolysis of isobutane, a comparative study
of isobutane pyrolysis was also made. The product yield
of isobutane pyrolysis as a function of reaction tem-
perature is showed in figure 2.

It can be seen from figure 2 that isobutane did not
undertake pyrolysis below 575 °C. When the tempera-
ture was at 625 °C, the conversion of isobutane was
about 2%. It demonstrates that although obvious
pyrolysis could occur at 625 °C, the catalytic cracking is
still major reaction. Besides ethylene, propylene, butene,
dibutene and a small amount of ethane, methane are the
main products of the pyrolysis reaction. At 850 °C
(conversion nearly 100%), the yield of methane could
reach 30.2%.
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Figure 2. Product yield of isobutane pyrolysis as a function of
reaction temperature.
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Figure 3. The yields of alkanes and aromatic hydrocarbon over
1#CrHZSM-5 catalyst as a function of reaction temperature.

In addition, a small amount of alkyne, complex ole-
fin, coke and carbon deposition could be formed, these
products were all the results of dehydrogenation and
cracking of isobutene at high temperatures.

As 1#CrHZSM-5 sample gave good reactivity and
high light olefins yields, it was chosen to investigate the
effect of reaction temperature on the catalytic perfor-
mance for catalytic cracking of isobutane.

The reaction started from 400 °C and followed tem-
perature-programmed heating at a rate of 3 °C/min to
study the isobutane catalytic cracking reaction over
CrHZSM-5 molecular sieve. The effects of reaction
temperature on the yields of alkanes including aromatic
hydrocarbon and olefins are shown in figures 3 and 4.

From figure 3 the yields of methane and aromatic
hydrocarbon dramatically increased when temperature
rose from 500 to 550 °C, while the yield of propane
increased slowly and that of ethane remained very low.
At 625 °C, the yield of aromatic hydrocarbon was
19.2%, methane was 15.3%, propane and ethane were
2.9% and 1.0%, respectively.

It can be seen from figure 4 that the yields of ole-
fins(C, + C3), and propylene rapidly increased with the
increasing of reaction temperature. They reached the
maximum value of 56.1% at 625 °C and 28.4% at
600 °C, respectively. The yield of ethylene was 30.8% at
625 °C and the maximum value of the yield of butene
was 8.8% at 575 °C.

The isobutane mainly undertook catalytic cracking
rather than pyrolysis (see figure 2) when the reaction
temperatures were lower than 575 °C. Therefore, the
cracking of isobutane over 1# CrHZSM-5 catalyst at the
temperature below 575 °C could be classified into cata-
lytic cracking reaction. When the reaction temperatures
were higher than 575 °C, the catalytic cracking and
pyrolysis reactions coexist, and the higher the tempera-
ture is, the higher extent of pyrolysis is. It can also be
observed that the yields of methane, ethylene and aro-
matic hydrocarbon increased with the rising of reaction
temperature, while the yields of propane, propylene and
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Figure 4. The yields of olefins over 1#CrHZSM-5 catalyst as a
function of reaction temperature.

butene increased at first and then decreased, and they
reached the maximum value at about 600 °C.

It is well known that the acidity of the catalysts plays
an important role in the catalytic cracking of hydrocar-
bon. The effect of Cr addition on the acidity of HZSM-5
catalysts was evaluated by means of NH;-TPD
(Table 2). The results, as shown in figure 5, indicate that
the acidic amount of the catalysts firstly increased
quickly and then slowly increased with increasing of
loading amount of Cr(III). In the meantime, the strength
of strong acid of 1# ~ 4# CrHZSM-5 samples obviously
reduced. The weak acidic amount of 1# ~ 4# CrHZSM-5
samples are evidently increased compared with that of
0#, which maybe related to its high reactivity and high
selectivity. It is obvious that suitable acidic amount and
density are favorable high reactivity and high yield of
CrHZSM-5 samples.

Figure 6. show UV—Vis spectra of calcined CrHZSM-
5 catalysts. It was found previously [17-19] that there
may be three species inside calcined CrHZSM-5 cata-
lysts: framework Cr(III), extraframework Cr(III), and
extraframework Cr(VI).

J. Lu et al./CrHZSM-5 zeolites

The spectra of calcined CrHZSM-5 catalysts are
dominated by two intense bands around 259 and 350 nm.
These bands are usually assigned as O>~ — Cr(VI)charge
transfers of a monochromate species [18-20]. This kind of
loaded Cr(VI) dispersed on the HZSM-5 zeolite surface.
The molecular structure of the anchored Cr(VI) from
monochromate to dichromate or to polychromate have
been proposed. Chromium(VI) oxide compounds prefer
tetrahedral coordination both in aqueous solution and in
a crystalline lattice [21]. A band around 450 nm which is
the characteristic of Cr(VI) polychromate is not obv-
served [20] for the samples with Cr loading of
0.004 mmol/g. These results indicate that Cr(VI) mono-
chromate(CrO4>") predominates on the HZSM-5 sam-
ples with trace amount of Cr.

With the increasing of Cr loading on the HZSM-5
zeolites, besides the two absorption bands at 259 and
350 nm, a shoulder absorption band at around 460 nm
appeared [22], and its intensity increased with the fur-
ther increasing in Cr loading and a complete absorption
band at 460 nm was observed when Cr-loading is equal
to or greater that 0.154 mmol/g. There results indicate
that polymeric chromate formed in the samples with
high-loading of Cr. At same time, a very weak absorp-
tion band centered at around 600 nm, which has been
assigned to d—d transitions of Cr(III) [20] was observed
when Cr-loading is equal to 0.019 mmol/g, and its
intensity increased with the further rising of Cr-loading.
These results suggest that some amounts of Cr(III)
existed on the samples in which the Cr-loading amount
is equal to or greater than 0.019 mmol/g. Moreover,
with the increasing of Cr-loading amount, absorption
edge from 450 to 550 nm and 600 to 800 nm shifted to
longer wavelength demonstrating that the domain size
of CrHZSM-5 catalysts become longer with the
increasing of Cr-loadings.

We conclude that Cr(VI) always predominates in cal-
cined CrHZSM-5 catalysts. Comparing with high Cr(III)
concentration loaded, low concentration of Cr(III) is
almost oxidized to Cr(VI) after calcinations, which is
impossible to obtain Cr(VI) by calcinations of common

Table 2
NH;-TPD results of CrHZSM-5 catalysts with different Cr(III) loadings

Catalyst BET Peakl Peak 2 Acid Acid
(m?/g) amount density
Temperature Weak acid Temperature Strong acid (mmol/g) (1 mol/m?)
(°C) amount (°O) amount
0# 318.0 277.8 0.113 519.7 0.362 0.475 1.494
1# 331.1 276.8 0.163 517.6 0.382 0.545 1.646
2# 327.6 282.6 0.172 506.1 0.419 0.591 1.804
3# 306.4 283.1 0.169 509.3 0.428 0.597 1.948
44 291.0 284.8 0.196 512.0 0.443 0.639 2.196
S# 316.8 278.6 0.225 516.1 0.462 0.687 2.169
6# 297.4 302.4 0.216 531.8 0.429 0.645 2.169
T# 295.2 296.6 0.201 509.6 0.414 0.615 2.083
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Figure 6. UV-Vis spectra of CrHZSM-5 catalysts.

chromium(III) salts [23]. It is postulated that Cr is uni-
form, isolated and well dispersed in calcined CrHZSM-5
catalysts. In 1# ~ 4# and, especially, 1# ~ 2# samples, the
majority species of Cr in catalysts were uniform, isolated
and well dispersed, and almost oxidized to Cr(VI) after
calcinations.

One conceivable function of a trace amount of Cr is
the changing of the acidity of the HZSM-5 catalysts
because the suitable strength and amounts of acidity of
the catalysts are favorable for getting high selectivity to
the light olefins in the catalytic cracking of isobutene.
Another reason is that the presence of a small amount of
Cr may be favorable for the dehydrogenation of iso-
butane to isobutene which are easily to be further
cracked to light olefins. Therefore, the conversion of
isobutane over CrHZSM-5 was enhanced compared
with that of unpromoted one, HZSM-5. When the
loading amount of Cr was more than 0.038 mmol/g, the
reactivity of catalytic cracking of CrHZSM-5 catalysts

82

69

decreased, which might be due to the existence of a
marjory of Cr(IIl), and Cr(III) with large domain size,
which can cover the outer surface of the zeolite catalysts,
or combined with acid sites. The further studies are
needed to deduce the exact functions of trace amount of
Cr for isobutane catalytic cracking.

4. Conclusions

Compared with unmodified HZSM-5 catalysts, the
CrHZSM-5 catalyst with trace amount(0.004-0.038
mmol/g) of Cr played an important role in promoting
the catalytic performance for cracking of isobutane. Not
only did it enhance the reactivity of isobutane catalytic
cracking, for instane, 1#CrHZSM-5 catalyst could lower
down the cracking temperature of isobutane by 200 °C
compared with pyrolysis, but also increased the selec-
tivities to olefins and ethylene. At 625 °C, the very high
yield of olefins(C, + Cs) and the high yields of ethylene
were 56.1% and 30.8%, respectively.

One reason is that a trace amount of Cr alters the
acidity of the HZSM-5 catalysts. The suitable strength
and amounts of acidity of the catalysts are favorable for
obtaining high selectivity to the light olefins in the cat-
alytic cracking of isobutene. Another reason is that the
presence of a little amount of Cr maybe favorable for
the dehydrogenation of isobutane to isobutene which
are easier than isobutane to be cracked to light olefins.
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Abstract

Various highly dispersed Mo supported catalysts with various carriers were prepared for deep hydrodesulphurization of diesel. The carriers
included a high surface area and large pore volume y-Al,O3, two types of meso-microporous composite molecular sieves prepared by incipient-
wetness impregnation method. A new mesoporous MoSiO, catalyst synthesized with in situ composite method was also studied. The
hydrodesulphurization experiments were carried out in a micro-reactor over different catalysts including Mo supported series and a commercial
catalyst. Spectroscopic techniques (FT-IR and UV-vis DRS) were utilized to determine the structure of MoO, species. The catalyst
characterizations of BET, XRD, FT-IR, UV-vis DRS and FTIR pyridine adsorption indicated that the existences of metal active component
of Mo in the catalysts were highly dispersed nano MoOs clusters and the Mo series catalysts had high surface areas and plenty of large pores which
were propitious to the diffusions of reactant and product molecules. Caty;m, exhibited the highest B/L acidity ratio and higher total concentration of
Brgnsted acid sites and Lewis acid sites, and its HDS activity also gave the highest in this study to produce a sulphur-free diesel, which was verified
by the sulphur content in products analyzed by GC-MS methods.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Hydrodesulphurization; Molybdenum and nickel catalyst; Ultra low sulphur diesel; Mesoporous materials

1. Introduction from group VI (Mo, W) promoted by sulphides of group VIII
(Co, Ni), generally supported on alumina, are the most
Recently the stringent environmental regulations established economical TMS which have high activity, selectivity and
high quality transportation fuel specification to reduce stability for heteroatom removal and product refining [3,4]. The
automobile emissions and to minimize the environmental active phase on these hydroprocessing catalysts has a
pollution, e.g. the sulphur content in diesel is required to be Ni(Co)Mo(W)S-like structure, and active sites are located at
lowered to or less than 50 ppm in America, in European edge surfaces of the Mo(W)S, [5,6].
countries the sulphur in diesel less than 10 ppm S has been One of the important factors that affect the efficiency of a
implemented since 2005. To meet this assignment, it has been hydrodesulphurization catalyst is the interaction between the
paid more attentions in product upgrading via deep or ultra deep active phases and the support. Metal-support interactions
hydrodesulphurization (HDS) of diesel [1,2]. influence not only the dispersion of the active components, but
It is well known that alkyl substituted dibenzothiophenes also their reducibility and sulphidability, e.g. modification of
(DBT) are the most refractory sulphur compounds in light oil the morphology of the sulphide active phase, interactions of
for HDS. Transitional metal sulphides (TMS) hydroprocessing chemical environment of acid sites. The development of new
catalysts have been widely used for 70 years. Metal sulphides supports for hydrotreatment catalysts have been very active
urged by the stringent regulations concerning the restricted
level of sulphur admitted in fuels. Some results have been
* Corresponding author. Fax: +86 10 89731586. summarized in reviews and open literatures concerning
E-mail address: duanaijun@cup.edu.cn (A. Duan). hydrotreatment catalyst and deep hydrodesulphurization

0920-5861/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2006.08.049
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[7-10]. The typical specific surface area of such tranditional
oxide supports before 1991 remained below 100 m?/g (after
calcination at 773 K), and the porosity were also not adapted for
hydrotreating applications. Many improvements of new type
support preparation, resulted in higher specific surface area and
larger pore diameters, were obtained in the past decade.

Many supports were used in hydrotreating catalyst as
carbon, simple oxides (TiO,, ZrO,), binary oxides, acidic
materials and clays [11]. For instance, mixed oxide supports
include TiO,-Zn0O, TiO,-Si0, and TiO,—Al,O3; composites
[12]; acidic supports involve silica—alumina or different kinds
of zeolite and mesoporous materials [13]. Since TiO, supports
have no pore system, their specific surface areas are very small
compared to that of alumina, furthermore, the active anatase
structure possesses only low thermal stability, which made TiO,
support alone unsuitable for industrial applications [14]. But
the TiO,-Al,O3 oxide composites that were often composed of
a heterogeneous mixture of the two oxides provided much
higher specific surface areas and revealed a positive effect on
tetralin conversion [15].

Acidic supports are not only to provide acidity but also to
offer an ordered pore structure that facilitates high activity. Due
to the high surface area of these mesoporous materials, high
active phase loading is easy to be achieved [16]. The
applications of mesoporous supports like MCM-41 and
SBA-15 might conduce to improve the selectivity as their
parallel pores might act as microreactors, in which the reactant
and the intermediary products will be in the prolonged contact
with the active phase [17].

In this paper, various Mo supported catalysts over y-Al,O3
and two type mesoporous sieve supports and a mesoporous
composite MoSiO, were prepared for diesel hydrotreating and
were compared with a commercial catalyst.

2. Experimental
2.1. Feed properties

The feedstock was a 320 ppm sulphur diesel which was a
blend of two commercial available diesels: a partially
hydrotreated diesel from Fushun refinery and a catalytic
cracking diesel from Shengli refinery in China. The properties
of the diesel feedstock are shown in Table 1.

Table 1

Diesel feedstock properties

Properties

Density at 20 °C (g/cm®) 0.8195

Sulphur (ppm) 319.82

Distillation (°C)
IBP 154
10% 218
30% 258.2
50% 290
70% 316.1
95% 365
FBP 450.8
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2.2. Catalyst preparation

The y-Al,O3 used in this study had a high surface area and
large pore volume. Catalyst samples were prepared by
impregnation of the y-Al,O3 supports with aqueous solutions
of ammonium heptamolybdate and/or nickel nitrate separately
through incipient-wetness impregnation method, and the
precursors were dispersed in an ultra-sonic unit for 30 min.
The catalyst samples were dried in air for 8 h at 120 °C and
calcined for 5 h at 550 °C. The active metal loadings of MoOj3
vary from 1 to 24 wt.%. These samples are labeled as: Cat 1-7 for
MoO; content of 1, 4, 8, 12, 16, 20 and 24 wt.%. The bimetallic
catalyst Catyimo contains 16 wt.% MoO; and 3.5 wt.% of NiO.
The catalysts were presulphided in a 2 wt.% CS, in cyclohexane
stream for 4 h at 300 °C.

A mesoporous composite MoSiO, was prepared by the sol—
gel process according to the following proportions of chemicals:
1 tetraethyl orthosilicate (TEOS):1 Mo:2.16 NaOH:0.13
cetyltrimethyl-ammonium bromide (CTMAB):107 H,0:3.56
Acac. The sequence of preparation procedure were adding 1 mol/
L NaOH solution, (NH4)sM070,4-4H,0, Acac, CTMAB and
TEOS. The mixture was agitated for 3 h and aged for 7 days, then
washed, filtered and calcined at 550 °C for 5 h. The MoO;
content in the mesoporous material prepared by in situ synthesis
in the strong caustic media reached 5 wt.%.

Two types of mesoporous sieves, MEM-1 and MEM-2 with
different acidity were prepared by adding the grains of 5 g silica
gel, 1 g sodium aluminate and 0.5 g sodium hydroxide into
2.23 g TEAOH solution at controlled pH value and mixed with
3.25 g PEG400 at 140 °C for 28 h. The resulting carriers were
obtained after drying at 100 °C for 12 h and calcination at
550 °C for 5h. These carriers were supported with 3 wt.% NiO
and 12 wt.% MoOs.

2.3. Catalyst characterization

The specific surface area of catalyst samples was determined
by the BET method. X-ray powder diffraction (XRD) profiles
were recorded in an XRD-6000 X-ray diffractometer using Cu
Ka radiation under 40 kV, 30 mA, scan range from 5 to 75° at a
rate of 4° min~' The IR spectra were taken within the range of
6000400 cm™"' on an FTS-3000 spectrophotometer using
2 mg of the sample mixed with 200 mg of KBr, which was
pressed into a transparent disc. The UV—vis diffuse reflectance
spectra (DRS) experiments were performed on a Hitachi U-
4100 UV-vis spectrophotometer with the integration sphere
diffuse reflectance attachment. The powder samples were
loaded in a transparent quartz cell and were measured in the
region of 200—-800 nm under ambient conditions. The standard
support reflectance was used as the baseline for the
corresponding catalyst measurement. FTIR spectra of adsorbed
pyridine were recorded in order to evaluate the acidity of
samples in BIO-RAD FTS3000 spectrophotometer with
resolution of 4 cm™'. The catalyst samples were made in the
form of a self-supporting thin wafer, placed at the center of the
cell vertical to the IR beam. Samples were pretreated in the
infrared cell and fitted with greaseless stopcocks and KBr
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windows, then the spectrum was scanned with an infrared
spectrometer at speed of 20 scans/spectrum.

2.4. Catalytic activity

Catalyst activity test were performed in a JQ-II fixed-bed
high-pressure micro-hydrotreating apparatus. Catalyst were
presulphided at 350 °C for 4 h with a continuous stream of
3 wt.% CS,/hexane solutions. After that, the diesel feedstock
was fed continuously to the reactor. The experimental
conditions are: total pressure, 5 MPa; reaction temperature,
350 °C; liquid hourly space velocity (LHSV), 1h™' and
hydrogen-to-hydrocarbon ratio, 600 mL/mL. Reaction pro-
ducts were collected to determine the catalyst activities after
12 h feed on-stream.

The contents of sulphur in feed and products were measured
with a PFPD detector in an ANTEK7000NS system, according
to the ASTM 5463 method. The distribution of sulphur species
was determined by GC-MS.

3. Results and discussion
3.1. Catalyst characterization

The textural properties and pore size distributions of
catalysts are typically shown in Table 2 and Fig. 1, respectively.
The catalysts include a commercial NiMo/y-alumina catalyst
(Com) with 2.7 wt.% NiO and 26.5 wt.% MoQ3, and a series of
Mo supported catalysts (which have been labeled above).

Comparison with the pore size distributions of alumina-
supported molybdenum (Mo) series catalysts and commercial
alumina-supported NiMo catalyst in Table 2, the mesoporous y-
AlLOj; support exhibits higher surface area of 280 m*/g and
wider pore size of 12.3 nm, which result in high surface area
and large pore size over Mo series catalysts, e.g. the surface
area and the average pore size of Cat 6 are 239 m*/g and
11.9 nm, but those of commercial catalyst are 155 m%/g
and 7.9 nm. As one of the Mo supported series catalysts, Cat
4 and Cat 7 also have the similar average pore sizes, but have
different surface areas for different MoOj; loading over y-Al,O3
support (the Mo contents of Cat 4, Cat 6 and Cat 7 are 12, 20
and 24 wt.%), which indicate that the Mo Cat series catalysts
and Caty;wo catalyst, supported on y-Al,Os, have high surface
area and large average pore size. It is well known that high

Table 2
Catalyst textural properties

Catalysts  Aggr (mzlg) Anmicro (m2/g) Ve (cm3/g) Average pore
diameter (nm)

Cat 4 264 9 0.71 12.0

Cat 6 239 7 0.71 11.9

Cat 7 223 8 0.68 11.7

Com 155 0 0.30 7.9

MoSiO, ~1000 0 1.50 3.7

MEM-1 189 128 0.19 4.0

MEM-2 236 163 0.21 3.6

v-AlLO3 280 22 0.75 12.3
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Fig. 1. Pore size distribution.

surface area is adequate for dispersing metal to form active
sites, while large pore diameter reduces the diffusion hindrance
and promotes the contacts of reactant molecules with active
sites on the catalyst surface.

The typical pore size distributions of several catalysts in
Fig. 1 show that Cat 6 catalyst, as a representative of Mo Cat
series, possesses plenty of pores with different pore-sizes even
as large as 100 nm that provide unblocked channels for reactant
molecules with various sizes. The commercial catalyst has a
symmetrical distribution around 7.9 nm in pore size and the
mesoporous MoSiO, catalyst reveals a relatively uniform pore
size of 3.7nm, which maybe induces internal diffusion
limitation of large size molecules.

Fig. 2 presents XRD patterns of Mo Cat series catalysts,
indicating no apparent signals of MoOj crystal. This suggests
that the dispersion of MoOs5 on catalyst was either relatively
high or the crystallite size of MoO; was very small. Fig. 3
shows the low-angle XRD pattern (Fig. 3a) and wide-angle
XRD pattern (Fig. 3b) of mesoporous MoSiO,. In Fig. 3a, the
very intense reflection peak at 1.96° (26) and the reflection line
in the range of 3-3.75° (26) are characteristic of the mesoporous
MoSiO, structure. The XRD pattern in Fig. 3b shows the
spectrum of wider angle corresponding to 260 from 5 to 75°,
indicating no peak corresponding to ordered crystal. This
suggests that the MoO, was highly dispersed with particle size
less than 40 A which was beyond XRD detection limitation. The
finely dispersed nanocrystalline MoO, particles are believed to
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Fig. 2. XRD patterns of Mo Cat series catalysts.
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Fig. 4. FT-IR spectra of catalysts.

improve the catalyst activity, since the higher active surface with
smaller size of active phase provides more effective contacts with
the reactants [18-20].

FT-IR spectroscopy in Fig. 4 shows the surface compositions
and structures of the Mo Cat series catalysts. The band at
950 cm ™" characterizes the stretching mode of terminal Mo—O
bonds in molybdenum octahedral in polymeric molybdenum
compounds (iso- and heteropolymolybdates). The band at
650 cm™ ! ascribes to the characteristic bridged Mo—O-Mo
bonds. The increased trend of band intensities between 600 and
950 cm ™~ corresponds to an increase in Mo loading, suggesting
the polymer formation of molybdenum-oxygen (MoQO,) species
(clusters). The bands at 1620 and 3500 cm™! indicate the
deformation and stretch vibration of the O-H bonds. The high-

Table 3
Acidity of different catalysts
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Fig. 5. UV-vis DR spectra of catalysts.

intensity band at 1100 cm™' is likely ascribed to the

deformation vibration of the AI-OH bond [21,22].

The UV-vis DRS was applied to determine the structures of
supported Mo catalysts in the 200-800 nm region. The DR
spectra in Fig. 5 show that there is no typical signal of MoO;
crystal existing in the catalyst surface which is consistent with
the XRD analysis. When Mo loading is low, the Mo surface
species are mostly Mo®" over alumina support; with Mo loading
increasing a few of low valence Mo species appear. The bands
at 220-250 nm are commonly attributed to the tetrahedral
molybdate, whereas the band at 320 nm is assigned to the Mo—
O-Mo bridge bond of the octahedral coordination [23,24]. The
band at 280 nm is assigned to monomer, dimer or polymerized
molybdate species, but the assignment is not clear yet [25]. The
broad band at 280—400 nm in Fig. 5 indicates that both the
tetrahedral and octahedral molybdates can be present on the
support. There were more tetrahedral species at low Mo
loadings and more octahedral species at high Mo loadings. The
red shift of the lowest energy transition absorption of
molybdate indicates that the molybdate species formed larger
clusters as Mo loading increased [26,27], but the active phase is
still in high dispersion and there is no large size MoOj crystal
over catalyst surface.

The IR spectra of the pyridine adsorbed on the various
samples in the region 1700-1400 cm ™" are shown in Fig. 6. The
bands at 1540 and 1450 cm ™! are related to the adsorption of
the pyridine molecule on Brgnsted acid sites and Lewis acid
sites. Table 3 is the acid strength distributions of samples
quantitatively calculated from IR results of pyridine adsorption
at 200 and 350 °C, respectively, which recompile the

Sample Concentration of acid sites (mmol/g.,,)

Brgnsted Lewis Total B/L

250 °C 350 °C 250 °C 350 °C 250 °C 350 °C 250 °C 350 °C
Com 1.8 0.7 17.7 5.4 19.5 6.1 0.10 0.13
Cat 6 2.3 1.3 20.1 8.6 234 9.9 0.11 0.15
Catnimo 4.2 34 24.7 13.8 28.9 17.2 0.17 0.25
MEM-1 54 1.0 30.9 14.6 36.3 15.6 0.17 0.07
MEM-2 3.7 1.0 20.7 10.2 244 11.2 0.18 0.10
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Fig. 6. IR spectra of the pyridine adsorbed on various catalysts at different temperatures: (1) 200 °C and (2) 350 °C.

concentrations of total acid sites, Brgnsted, Lewis and B/L
ratios of all catalysts.

From these data the B/L ratio follows the order:
Catninvo > MEM-2 > Cat 6 > MEM-1 > Com; the total acid-
ity follows: MEM-1 > Catyinmo > MEM-2 > Cat 6 > Com. It
is clear that Caty;v, exhibits the highest B/L ratio and the
concentrations of Brgnsted and Lewis acid sites keep relatively
high level at these two thermal desorption temperature. The
MEM-1 and MEM-2 catalysts give also high concentration of
Bronsted acid sites and Lewis acid sites at low temperature, but
the concentration of medium and strong Brgnsted acid sites
decline sharply. Compared with the commercial catalyst,
catalysts Cat 6 and Catyjyo produce more Brgnsted and Lewis
acid sites, which should be of significance for hydrotreating
applications.

3.2. Catalytic activity

Table 4 shows the HDS activities over various catalysts. The
HDS efficiency data of the Mo supported series catalysts
indicate that in the low Mo loading range, HDS activity of Mo
Cat series catalysts increases with Mo loading, which may be
enhanced not only by the increased dispersion of Mo but also by

higher Brgnsted acid sites concentration, until the Mo loading is
as high as 20-24 wt.% of MoO3. When MoOj; loading is greater
than 20 wt.%, the HDS efficiencys are above 95%, which are
comparable to that of commercial catalyst. For the bimetallic
Catyimo catalyst, the sulphur content in the product is so low
that it is below the detection limit of PFPD and GC-MS
analyses, thus its HDS activity is near to 100% which is
superior to that of commercial catalyst.

Since the total Mo content was only 5 wt.% incorporated
into the framework of mesoporous MoSiO, catalyst, the HDS
activity was as low as 80.6%. So the amounts of MoO; over the
catalyst surface should be kept on a relatively high level for the
future preparation.

Even though the meso-microporous composite molecular
sieves carrier catalysts, MEM-1 and MEM-2 show high
acidities as shown in Table 3, their HDS activities are much
lower than that of other catalysts. That maybe due to the
mesoporous material and molecular sieves having uniform pore
distribution less than 4 nm (see Table 2 and Fig. 1), which
restrict the internal diffusivity of reactant molecules in the pores
of molecular sieves.

Table 5 compares the sulphur compounds in the feedstock
and reaction products over various catalysts. Since the

Table 4

HDS efficiency over various catalysts at 350 °C, 5 MPa, 1 h ! and 600 mL H,/mL oil

Catalysts Cat 1 Cat 3 Cat 4 Cat 6 Cat 7 Catnimo MoSiO, Com MEM-1 MEM-2
MoO; (wt.%) 1 8 12 20 24 16 5 26 12 12

NiO (wt.%) 35 2.7 3 3
Sulphur in product (ppm) 124.9 25.1 26.4 16.0 15.5 - 61.9 17.5 36.7 71.0
HDS Conv. (%) 61.0 92.2 91.7 95.1 95.2 ~100 80.6 94.5 88.5 77.8
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Table 5
Comparison of product sulphur compounds with various catalysts at 350 °C,
5MPa, 1 h™' and 600 mL H,/mL oil

Sulphur contents (by GC-MS, ppm)

Feed Cat1l Cat3 Cat4 Cat6 Cat7 Catyimo

BT 3.9 0 0 0 0 0

CI1-BT 34.6 24 0 0 0 0

C2-BT 599 118 0.3 0 0 0 0
C3-BT 344 117 0.7 0.3 0 0 0
>C4-BT 334 5.6 0 0 0 0 0
DBT 6.7 3.8 0 0 0 0 0
C1-DBT 233 159 5.8 0.7 0 0 0
C2-DBT 38.0 209 53 0.7 0.3 0.3 0
>C3-DBT 39.0 255 6.2 0.8 0.7 0.3 0
Total 2732  97.6 18.2 2.5 1.0 0.6 0

BT, benzothiophene; Ci-BT, alkyl-benzothiophene; DBT, dibenzothiophene;
Ci-DBT, alkyl-dibenzothiophene.

feedstock was a blend of partially hydrotreated diesels from the
commercial refineries, the sulphur compounds in the feedstock
were primarily alkyl-benzothiophenes (alkyl-BT) and alkyl-
dibenzothiophenes (alkyl-DBT). These refractory sulphur
compounds needed to be decomposed in hydrotreating process.
The percentages of alkyl-BT and alkyl-DBT over total sulphur
content in feedstock are 51.9 and 33.4 wt.%, respectively. From
the data in Table 5, the amounts of alkyl-BT and alkyl-DBT in
the diesel products over the Mo series catalysts decreased
greatly with increasing Mo loadings, e.g. for Cat 6 and Cat 7 the
total sulphur are even near to trace amounts, which verify their
good hydrogenation abilities in HDS reaction. As for the
Catyimo catalyst, no sulphur compounds is detected by PFPD
and GC-MS methods, and it shows very high activity towards
>C; DBT, which is consistent to the high surface area and large
pore diameters of its y-Al,O; support. Therefore, comparing
catalyst activities, Catyim, catalyst is capable of producing ultra
low sulphur diesel in order to meet the stringent fuel
specifications.

4. Conclusions

The catalyst characterizations of BET, XRD, FT-IR, UV-vis
DRS and FTIR pyridine adsorption shows that the existences of
metal active component Mo in the supported catalysts are
highly dispersed nano MoOj clusters which favors the HDS
activity, and the Mo series catalysts have high surface areas and
plenty of large pores propitious to the diffusions of reactant and
product molecules.

HDS activity of Mo Cat series catalysts increases with Mo
loading, which is enhanced not only by the increased dispersion
of Mo but also by higher Brgnsted acid sites concentration, until
the Mo loading is as high as 20-24 wt.% of MoOs3. Catyimo
exhibits the highest B/L ratio and higher total concentrations of
Brgnsted acid sites and Lewis acid sites, and its HDS activity is
superior to that of commercial catalyst (HDS efficiency for
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Com catalyst is 95 wt.%). As concerning the HDS of sulphur
compounds it is found that synthesized Caty;m, catalyst shows
very high activity towards >C; DBT, which is capable of
producing a sulphur-free diesel.

The mesoporous MoSiO, catalyst shows a relatively low
HDS activity as the MoOj loading is only 5 wt.%. The meso-
microporous composite molecular sieves carrier catalysts,
MEM-1 and MEM-2 show that the former has the highest total
acidity, but their HDS activities are much lower than that of Mo
Cat series for their typical pore diameter less than 4 nm.
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Abstract

This article describes the synthesis, characterization and application of a novel aluminosilicate/silicoaluminophosphate composite zeolite
ZSM-5/SAPO-11. The composite was synthesized by the in situ overgrowth of SAPO-11 on ZSM-5 and was characterized by means of X-ray
diffraction (XRD), scanning electron microscopy (SEM), Fourier transformed infrared (FT-IR) spectrometry, N, adsorption and infrared
spectroscopy of adsorbed pyridine. The results were compared with those of the mechanical mixture composed of individual ZSM-5 and
SAPO-11. In the mechanical mixture, the ZSM-5 phase was morphologically separate from the SAPO-11 phase, while the ZSM-5/SAPO-11
composite existed in a form of a core-shell structure, with the ZSM-5 phase as the core and the SAPO-11 phase as the shell. Compared with the
mechanical mixture, the composite had more mesopores and moderate acidity distribution, which could accelerate the diffusion of substances and
enhance the synergetic effect between Bronsted and Lewis acids. The comparison of the catalytic performances of the mechanical mixture and the
composite-based Ni-Mo catalysts for FCC gasoline hydro-upgrading showed that, due to the above advantages of the composite, the corresponding
catalyst yielded improved gasoline research octane number, high liquid yield, good desulfurization activity and lower coke amount and thus could
be considered as a potential catalyst system for hydro-upgrading FCC gasoline.
© 2006 Elsevier B.V. All rights reserved.

Keywords: ZSM-5/SAPO-11 composite; Synthesis; Characterization; FCC gasoline hydro-upgrading

1. Introduction producing clean gasoline. In China, approximately 80% of the
gasoline pool comes from FCC gasoline, resulting in higher
Air pollution in urban regions caused by exhaust emissions sulfur and olefin contents in the commercial gasoline. Various
from gasoline-powered motor vehicles has become a serious measures (such as optimization of the FCC process, use of new
issue in both developed and developing countries due to the FCC catalysts [2], or selective hydrogenation [3,4]) have been
high content of sulfur compounds and olefins in most gasoline. taken, but none of them enables satisfactory sulfur and olefin
In air, unburned olefins can easily react with NO, to form control without loss in the gasoline research octane number
photo-chemical smog, and sulfur compounds can degrade the (RON). Therefore, it is still a great challenge for the refineries
effectiveness of automobile catalytic converters for NO,, CO, in China to produce the clean gasoline that meets the more
and hydrocarbon emissions control by poisoning three-way stringent specification of clean fuels.
catalysts. Thus, most of the countries over the world have In order to reduce the contents of sulfur compounds and
tightened their regulations on gasoline compositions, especially olefins of FCC gasoline as well as preserve its RON, researchers
on the contents of sulfur compounds and olefins. It has been  have proposed various hydro-upgrading processes that combine
reported that more than 90% of sulfur compounds and about  hydrodesulfurization (HDS) with hydrocracking and hydro-
90% of olefins in typical refinery gasoline pools come from isomerization [5-7], but most of them involve a high operating
FCC gasoline [1], so this stream is obviously a focal point in cost because of lower gasoline yield. In previous papers [8—10],
we found that reducing the olefin content in FCC gasoline by
only hydroisomerization was unable to preserve gasoline RON.
* Corresponding author. Fax: +86 10 8973 4979. Because the arene content in FCC gasoline produced in China is
E-mail address: baoxj@cup.edu.cn (X. Bao). usually in the range of 12-18 vol.%, much lower than 35 vol.%

0920-5861/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2006.02.050
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as regulated by Category 3 Unleaded Gasoline of the World-
Wide Fuel Charter, there is some leeway to preserve gasoline
RON by converting olefins (especially Cs—C; olefins) in FCC
gasoline into i-paraffins and arenes that have higher RON. Thus,
from the point of view of olefin and sulfur content reduction as
well as gasoline RON preservation, a novel catalyst system with
balanced desulfurization, olefin hydroisomerization and olefin
aromatization abilities need to be developed. Intuitively, it is
expected that this kind of catalyst system can be obtained by
combining or compositing different zeolites with desired
properties. It has been widely recognized that zeolite ZSM-5
has excellent activity for both HDS [11,12] and light alkane and
alkene aromatization [13-15]. Moreover, silicoaluminopho-
sphate zeolite SAPO-11 has been widely applied to the
isomerization of C4—C; hydrocarbons for producing gasoline
with high RON [16-19] and to the dewaxing process for making
high quality diesel and lube oil basestocks via isomerization of
long-chain alkanes [20,21] due to its superior hydroisomeriza-
tion activity. Naturally, it is reasonable to conceive that a catalyst
system based on a ZSM-5/SAPO-11 composite with suitable
composition should provide a balanced desulfurization, hydro-
isomerization and aromatization performance and thereby
benefit the upgrading of FCC gasoline. While reports on the
synthesis and applications of aluminosilicate/aluminosilicate
composite zeolites are abundant in literatures, as extensively
reviewed by Smirniotis and Davydov [22], only limited
information is available on the preparation and application of
aluminosilicate/silicoaluminophosphate  composite  zeolites
[23,24]. In addition, most of the composite zeolites reported
in the literatures consisted of two or more individual zeolites
mixed mechanically; few of them were made by synthesis. The
mechanical mixing may inhibit the intimate contacts of different
zeolites and thereby downgrade their synergism. For this
purpose, a series of aluminosilicate/silicoaluminophosphate
ZSM-5/SAPO-11 composites were synthesized by a two-step
crystallization method in the present investigation. They were
characterized by means of X-ray diffraction (XRD), scanning
electron microscopy (SEM), N, adsorption, Fourier transformed
infrared spectroscopy (FT-IR) and infrared spectroscopy of
adsorbed pyridine. In addition to this, composite-supported Ni—
Mo catalysts were made and their catalytic performance for
upgrading FCC gasoline was assessed.

2. Experimental
2.1. Synthesis of SAPO-11 and ZSM-5

SAPO-11 was synthesized according to the method reported
by Lok et al. [25]. The detailed procedure was described
elsewhere [9].

ZSM-5 was synthesized as follows: firstly, aluminum sulfate
(Beijing Chemical Co., PR China) was dissolved in distilled
water, followed by the addition of sulfuric acid (98 wt.%:;
Beijing Chemical Co., PR China) to form solution A; secondly,
tetraethylammonium hydroxide (TEAOH) (20 wt.%; Beijing
Chemical Co., PR China), distilled water and sodium silicate
(26.3 wt.% SiO,, 8.2 wt.% Na,0O; Beijing Aviation Materials
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Institute, PR China) were mixed in proper proportions to form
solution B; thirdly, solution A was slowly added to solution B
under agitation. The resulting mixture with the molar
composition of 9.7 Na,0:1 Al,03:40 SiO,:10 (TEA),0:1800
H,O was further stirred vigorously for 1 h to get a homogenous
gel. Fourthly, the gel was then moved to a 150 ml stainless steel
autoclave and heated at 448 K for 72 h; finally, the resulting
solid was filtrated, washed with deionized water, dried
overnight at 383 K, and calcined in air at 823 K for 4 h to
remove the organic template.

2.2. Synthesis of ZSM-5/SAPO-11 composite

The synthesis of ZSM-5/SAPO-11 composite is schemati-
cally depicted in Fig. 1.

In the first step, zeolite ZSM-5 was synthesized by the
method mentioned above, except that its crystallization time
was shortened to 48 h and post-treatments (such as filtration,
washing, drying and calcination) were omitted.

In the second step, ZSM-5/SAPO-11 composite was
synthesized by the following procedure: firstly, a diluted solution
of phosphoric acid (85 wt.%; Beijing Jinxing Chemical Plant, PR
China) in distilled water was prepared; secondly, pseudoboeh-
mite (73 wt.% Al,Os; Tianjin Hengmeilin Chemical Co., PR
China) and silica sol (25 wt.% SiO,; Beijing Changhong
Chemical Plant, PR China) were slowly added to the phosphoric
acid solution and the resulting mixture was vigorously stirred for
2.5 h; thirdly, the uniform mixture obtained and di-n-propyla-
mine (DPA) (99 wt.%; Beijing Jinxing Chemical Plant, PR
China) were subsequently added drop by drop into the above
crystallization product of ZSM-5 to allow at least 2 h stirring
before they were completely added. The molar composition of
the resulting homogenous gel was 1 DPA:1 Al,05:1 P,05:0.3
Si0,:50 H,O. Fourthly, the gel was moved into stainless steel
autoclaves (150 ml) and heated at 458 K for 24 h. Fifthly, the
solid product recovered by centrifugation was washed with
deionized water and dried at 383 K for 12 h. Finally, to remove
amine the solid product was calcined at 823 K for 8 h at a heating
rate of 2 K/min, with two stops at 553 and 663 K for 1 h each,
before the final calcination temperature was reached.

2.3. Catalyst preparation

The bifunctional catalysts investigated in this work are
composed of H-form zeolites as the acid part, Ni-Mo as the metal
part, and a binder (pseudoboehmite). The catalyst preparation
procedure consists of three main steps: preparation of H-type
zeolites, incorporation of metallic function, and activation of the
metal part. Firstly, in order to obtain H-form zeolites, ion
exchange was carried out three times (each time for 3 h) with 1 M
NH4NO; solution at 353 K, followed by calcination in air at
823 K for 4 h; then, the supported catalysts were prepared by
impregnating H-form zeolites with (NH4)¢Mo;0,, (Beijing
Chemical Co., PR China) and Ni(NOs3), (Beijing Chemical Co.,
PR China) using the fractional step method. Finally, the
impregnated solids were extruded using pseudoboehmite as
binder and then calcined at 773 K for 4 h.
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Fig. 1. Schematic for synthesizing ZSM-5/SAPO-11 composite.

2.4. Characterization

The phase structures of the calcined samples were
characterized by XRD (Shimadzu 6000, Japan) using Cu Ka
radiation. The instrument was operated at 40 kV and 30 mA
with 20 scanning speed at 4°/min; diffraction lines of 26
between 5° and 35° were obtained. The mass fraction of SAPO-
11 in ZSM-5/SAPO-11 composites was calculated from the
integral intensity of the diffraction peak at 20 =21.1° where
there was no diffraction peak of ZSM-5. Similarly, the mass
fraction of ZSM-5 in the composites was calculated at
26 =17.8°. The working curves were obtained by plotting the
intensity of the diffraction peak at 26 = 21.1° versus the mass
fraction of SAPO-11 and the intensity of the diffraction peak at
26 =7.8° versus the mass fraction of ZSM-5, respectively, by
measuring a series of mechanical mixtures prepared with
known mass fractions of SAPO-11 and ZSM-5 in them.

The crystal size, the morphology and the elemental
composition of the samples were determined by SEM (435VP,
LEO, UK) equipped with an energy-dispersive X-ray spectro-
meter (EDS, Link-ISIS-300, Oxford, UK).

N, adsorption and desorption isotherms were obtained at
77 K using a volumetric adsorption apparatus (ASAP 2405N,
Micromeritics, USA). The pore structures were estimated
according to the Brunauer—Emmett-Teller (BET) method and
the static volumetry. The samples were degassed at 573 K for
24 h under vacuum prior to the analysis.

The IR spectra were measured on a MAGNA-IR 560 FTIR
instrument (Nicolet Co., USA) with a resolution of 1 cm™ ! The
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samples, each 15 mg, were extruded into the self-supported
circular wafers 12 mm in diameter. The wafers were evacuated
in situ in an IR cell at 623 K for 4 h, and after the temperature
was decreased to room temperature, IR spectra were recorded.
Subsequently, the samples were dehydrated at 773 K for 5h
under a vacuum of 1.33 x 107> Pa, followed by the adsorption
of purified pyridine vapor at room temperature for 20 min.
Finally, the system was evacuated at different temperatures and
pyridine-adsorbed IR spectra were recorded.

2.5. Catalytic performance assessment

The catalytic performance assessment experiments were
carried out in a flowing-type apparatus designed for continuous
operation. This apparatus consists of a gas-feeding system
controlled by a mass flowmeter and a syringe pump liquid
feeding system. The reactor, with an internal diameter of
10 mm, was filled with the catalyst sample (ca. 6 g). There were
three heating zones in the reactor, with the top one as the
preheater. The temperature of each zone was independently
controlled within £1 K by thermostats. The temperature of the
catalytic bed was measured by a thermocouple placed inside the
reactor and was kept constant (1 K). The reaction products
were analyzed by an Agilent 1790 gas chromatograph to which
a flame ionization detector and a HP-PONA capillary column
(50 m x 0.2 mm) were attached. The coke deposited on the
catalysts after the reaction was quantified by an automatic
carbon analyzer (HV-4B, Wuxi Analysis Instruments Inc., PR
China).
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Table 1
Properties of FCC gasoline
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Density (20 °C, g cm™>) S(pge™h Benzene (vol.%) RON Lumped composition (vol.%)
n-Paraffins i-Paraffins Olefins Naphthenes Arenes
0.714 300 0.68 91.7 6.3 283 41.1 7.0 17.4

In all runs, the catalysts to be tested were brought to the
identical reaction conditions. The presulfurization of the
catalysts was firstly carried out at 503, 563 and 593 K for
6 h, respectively, by flowing a stream containing 3 wt.% CS, in
octane over the catalysts; then, pure hydrogen gas and FCC
gasoline were fed into the reactor at a predetermined flow rate
after the temperature was increased to the reaction temperature;
finally, the reaction was carried out under the conditions of
temperature 643 K, FCC gasoline liquid hourly space velocity
(LHSV) 2 h~!, total pressure 2.0 MPa, and volumetric ratio of
H, to 0il 200. The properties of FCC gasoline used are listed in
Table 1.

3. Results and discussion
3.1. XRD

The XRD patterns of the samples are shown in Fig. 2. The
typical characteristic peak at 20 = 7.8° attributed to ZSM-5 and
that at 26=21.1° attributed to SAPO-11 can be clearly
visualized in the diffraction pattern of the ZSM-5/SAPO-11
composite, despite the fact that some characteristic peaks
attributed to individual ZSM-5 and SAPO-11 phases overlap
with each other, demonstrating that both ZSM-5 and SAPO-11
phases are present in the composite obtained.

3.2. SEM

The SEM images of the samples are presented in Fig. 3. As
shown in Figs. 3a and b, the single SAPO-11 phase is present in
the form of pseudo-spherical aggregates of the size ranging
from 7 to 8 pm consisting of uniform cubic plate monocrystals

. (c)
=
8
2
‘@
c
g (0)
(a)
1
5 10 15 20 25 30 35
20
Fig. 2. XRD patterns of (a) the composite, (b) SAPO-11 and (c) ZSM-5.
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ca. 0.5 pm in size (Fig. 3a), and the ZSM-5 phase alone is
present in the form of spherical aggregates of the size ranging
from 3 to 5 wm consisting of nonuniform columnar mono-
crystals ca. 1 wm long (Fig. 3b). For the mechanical mixture of
ZSM-5 and SAPO-11, Fig. 3c clearly shows that the large
pseudo-spherical particles assigned to SAPO-11 are separate
from the small spherical ones assigned to ZSM-5. For the
SAPO-11/ZSM-5 composite obtained by the overgrowth of
SAPO-11 on ZSM-5, however, the ZSM-5 phase in the
composite is covered by a film of SAPO-11 (Fig. 3d and e),
showing a completely different morphological structure from
that of the mechanical mixture.

Comparing Fig. 3d with e, one can see that the morphologies
of ZSM-5 as the core of the composite are disparate in the two
figures. This can be explained as follows: after the spherical
ZSM-5 particles were put in the synthesis environment of
SAPO-11, the different crystallization time leads to the
difference in environmental variables (such as pH value,
concentrations of DPA and the precursors of silicon, aluminum
and phosphorus species) around the ZSM-5 particles. Some
conditions around the spherical ZSM-5 particles may restrain
their growth, but promote the overgrowth of the SAPO-11
phase on their surface, resulting in the morphology that the
ZSM-5 phase is enveloped by the SAPO-11 phase (Fig. 3d),
similar to the growth of epitaxial FAU-on-EMT zeolite [26].
Some conditions are favorable for the dissociation of the
spherical aggregate into the monocrystals and thus beneficial to
their growth. A faster growth rate of the monocrystals along the
axes a and c than that along the axis b will lead to the emergence
of the rhombohedral ZSM-5 phase (Fig. 4), in accordance with
the growth of the ZSM-5 monocrystal in the presence of F—
[27]. Moreover, if the growth rate of the ZSM-5 phase is fast
enough to surpass that of the SAPO-11 phase, the former will
protrude out of the latter, as shown in Fig. 3e.

To further confirm the existence of both ZSM-5 and SAPO-
11 phases in the composite, we used SEM-EDS analysis; the
results are given in Table 2. Combining Fig. 3e and Table 2, one
can conclude that the rhombohedral section as the core of the
composite and the pseudo-spherical aggregate as the shell of
the composite correspond to the ZSM-5 phase and the SAPO-
11 phase, respectively, because their compositions in the
composite are consistent with those of the corresponding single
phases.

3.3. FT-IR

The FT-IR spectra of the ZSM-5/SAPO-11 composite and
the mechanical mixture with the same composition are shown
in Fig. 5. In the mechanical mixture, the peaks at 1104, 709 and
469 cm™' can be assigned to the asymmetric stretching
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Fig. 3. SEM images of the as-synthesized samples (a) SAPO-11, (b) ZSM-5, (c) mechanical mixture, (d) composite crystallized for 24 h, and (e) composite

crystallized for 42 h.

vibration, symmetric stretching vibration and bending vibration
of inner tetrahedra, respectively [28]. The peak at 544 cm ™' can
be ascribed to the asymmetric stretching vibration of five-
membered rings in ZSM-5 [29] and the deformation vibration
of six-membered rings in SAPO-11 [30]. Fig. 5 shows that the
wavenumbers of the above peaks originally at 709, 544 and

469 cm ™! for the mechanical mixture now shift to 713, 548 and
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472 cm™! for the composite, respectively, due to the interfacial
interactions between the two phases in the composite, as
reported by Karlsson et al. [31] for a MFI/MCM-41 system.
Meanwhile, one should also notice that the peak at 626 cm™" in
the mechanical mixture, standing for the deformation vibration
of tetrahedron outer links of four-membered rings in SAPO-11,
disappears in the composite. Because the vibration of
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Fig. 4. General sketch of monocrystal and pore structure of ZSM-5.

tetrahedron outer links is sensitive to any change in zeolite
structure, we believe that the disappearance of the peak at
626 cm™" can be attributed to a particular conjunction form of
tetrahedrons and a special skeleton structure at the interface in
the composite that do not exist in the mechanical mixture. The
results introduced here are similar to those observed by Liu
et al. [32] in synthesizing kaolin/NaY/MCM-41 composites.

3.4. Pore structure

The N, adsorption—desorption isotherms of the ZSM-5/
SAPO-11 composite and the mechanical mixture are presented
in Fig. 6. The large hysteresis loops in the two isotherms appear
with the relative pressure P/Pg ranging from 0.45 to 1.0, which
can be attributed to the mesoporous structure. Obviously, the
hysteresis loop of the composite is larger than that of the
mechanical mixture, suggesting that, when one composites the
two zeolites, more mesopores are formed due to the increscent
interspaces among the different crystals.

The pore structure parameters of the samples are summar-
ized in Table 3. Compared with SAPO-11 with a one-
dimensional pore system consisting of non-intersecting elli-

Table 2
Results of SEM-EDS analysis of the different samples
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Fig. 5. IR spectra of (a) the mechanical mixture and (b) the composite in the
framework vibration region.
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Fig. 6. N, adsorption—desorption isotherms of (a) the mechanical mixture and
(b) the composite.

ptical 10-membered ring pores of 0.39 nm x 0.63 nm [33],
ZSM-5 has more open structure owing to its two perpendi-
cularly intersecting channel systems with the nearly circular
pore openings of 0.54 nm x 0.56 nm and the elliptical pore of
0.51 nm x 0.54 nm [34]. From Table 3, it can be seen that the
composite has more mesopores and fewer micropores than the
mechanical mixture, so the former is superior in minimizing the
side reactions by accelerating the diffusion of reactants,
intermediates and products.

SAPO-11 ZSM-5 SAPO-11 phase in composite (1#) ZSM-5 phase in composite (2#)
Si0,/Al,05 (mol/mol) 0.43 35.8 0.54 37.6
P,05/A1,0; (mol/mol) 0.85 - 1.33 0.14

95
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Table 3
Pore structure parameters of the samples

Samples Surface area (mzlg) Pore volume (ml/g)
Micropore Mesopore Total Micropore Mesopore Total
ZSM-5 284 82 366 0.13 0.14 0.27
SAPO-11 186 67 253 0.087 0.13 0.22
Mechanical 205 70 275 0.089 0.13 0.22
mixture
Composite 178 125 303 0.082 0.25 0.33

3.5. FT-IR of adsorbed pyridine

The FT-IR spectra of adsorbed pyridine on the H-form
samples in the region of 1600-1400 cm™" are shown in Figs. 7—
10. The bands at 1545 and 1455 cm™" correspond to those
specific to the pyridine molecules chemisorbed on Bronsted and
Lewis acid sites, respectively [35,36], and that at 1490 cm s
ascribed to a combination of adsorbate on both Bronsted and
Lewis sites.

The quantitative determination of Bronsted and Lewis
acidity by FT-IR analysis is based on the integrated Lambert—
Beer law:

Ap = Cggg (D

where A; (cm ™) is the integrated absorbance, Cy (Mmollcmz) is
the concentration of surface acid sites, and ¢ (cm/pwmol) is the
integrated molar extinction coefficient.

Consequently, the concentrations of Bronsted and Lewis
acid sites in reference to a unit weight of dry sample {Csy
(pmol/g)} can be determined by
Cow = AiTR? /ey )
where R (cm) is the radius of the sample wafer and w (g) is the
weight of the dry sample.

The values of Cy, are determined via Eq. (2) from the values
of Ay, on the basis of the spectra of the different samples shown

(b)

Absorbance (a.u.)

(a)

1550 1500 1450

1600 1400
Wavenumber (cm™)

Fig. 7. IR spectra of the pyridine adsorbed on H-form ZSM-5 at (a) 473 K and
(b) 623 K.
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Fig. 8. IR spectra of the pyridine adsorbed on H-form SAPO-11 at (a) 473 K
and (b) 623 K.
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Fig. 9. IR spectra of the pyridine adsorbed on the H-form mechanical mixture at
(a) 473 K and (b) 623 K.
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Fig. 10. IR spectra of the pyridine adsorbed on the H-form composite at (a)
473 K and (b) 623 K.
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Table 4 Table 5
Acidity of the samples Hydro-upgrading results of FCC gasoline over the four catalysts®
Samples Acidity (wmol/g) Catalyst
Weak acid Medium and Total A B C D
strong acid
Lewis Bronsted Lewis Bronsted Lumped composition of the liquid product (vol.%)
n-Paraffins 11.3 12.3 11.5 9.2
ZSM-5 214 79.7 333 347.5 4819 i-Paraffins 363 487 402 453
SAPO-11 45.2 69.5 58.3 18.6 191.6 Olefins 26.5 1.1 13.9 10.4
Mechanical mixture — 24.3 75.4 31.6 137.1 268.4 ) ’ ' 5 ’
C . 138 647 146 9.1 2392 Naphthenes 8.3 8.7 12.0 7.5
omposite o : : : : Arenes 17.6 19.1 224 27.6
Benzene (vol.%) 0.45 0.51 0.53 0.47
HDS (%) 92.0 94.3 92.7 933
. . . .. . . RON 86.9 87.9 89.2 91.8
in Figs. 7-10 and those o_f g relative tq Bronsted and Lewis acid Liquid yield (wt.%) o4 100 99 99
sites calculated according to Emeis [37]. Thus, the total Coke (mg) 4122 3.1 16.3 5.1

Bronsted and Lewis acidity can be calculated from the IR
results of pyridine adsorption at 473 K, and the medium and
strong Bronsted and Lewis acidity can be obtained according to
the IR spectra of pyridine adsorption at 623 K.

Table 4 gives some quantitative information about the acidic
properties of the H-form samples. Among the above four
samples, the total acidity is in the order of ZSM-5 >> mechanical
mixture > composite > SAPO-11; the total Lewis acidity is in
the sequence of SAPO-11 > composite > mechanical mix-
ture &~ ZSM-5, and the total Bronsted acidity is in the order of
ZSM-5 > mechanical mixture > composite > SAPO-11, indi-
cating that SAPO-11 has the most Lewis acid sites and ZSM-5
has the most Bronsted acid sites among them. As shown in
Table 4, the medium and strong Bronsted acidity in ZSM-5 can be
as high as up to 347.5 pmol/g, much more than the others, so the
medium and strong Bronsted acidity in the mechanical mixture
of ZSM-5 and SAPO-11 promptly increases from 18.6 wmol/g of
SAPO-11 to 137.1 wmol/g, resulting in the great increase in the
acid strength of the mechanical mixture. Compared with the
mechanical mixture, the composite has moderate acid strength
and an acid-type distribution that are expected to be able to
enhance the synergism effect between Bronsted and Lewis acids
and thus to improve the catalytic activity of the composite-
derived catalyst. The appropriate acidity distribution of the
composite is attributed to the conversion of some Bronsted acid
sites in the ZSM-5 phase into the Lewis acid sites because of the
hydrothermal effect in the subsequent synthesis of SAPO-11, as
explained in the literature [38]. The acidity characteristic of the
composite can be also explained as follows: as shown in Fig. 3,
the ZSM-5 phase is covered in part by the SAPO-11 phase in the
composite, so the surface of the composite presents an acidity
distribution similar to that of the SAPO-11, which leads to the
large reduction in the Bronsted acidity of the composite
compared with the ZSM-5 and the mechanical mixture.

3.6. Catalytic performance

By impregnating the above four H-form samples with
(NH4)6M0,0,4 and Ni(NOs3), by the fractional step method,
extruding each of them with pseudoboehmite as binder, and
calcining them at 773 K for 4 h, we made the four Ni-Mo
catalysts supported on ZSM-5, SAPO-11, the mechanical
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HDS: defined as the percentage conversion of total sulfur compounds in FCC
gasoline. Coke: defined as the coke amount deposited on per gram catalyst.
* Time on stream = 24 h.

mixture and the composite, respectively; they are denoted as
Catalyst A, B, C and D.

The reaction performances of the four catalysts for
upgrading FCC gasoline are presented in Table 5. All the four
catalysts have good HDS performance (with a HDS
ratio > 90%), so the emphasis of the discussion below is
placed on the hydroisomerization and aromatization activities
of the catalysts.

As shown in Table 5, it is evident that, after a 24 h run, the
catalyst with ZSM-5 as supporter (Catalyst A) becomes
inactive in aromatization and gives the lowest i-paraffins
content, product RON and liquid yield among the four catalysts,
due to the fact that too much medium and strong Bronsted acid
sites in ZSM-5 zeolite lead to the poor stability of the catalyst
[15]. The catalyst with SAPO-11 as supporter (Catalyst B)
shows excellent hydroisomerization activity (giving an incre-
ment of 20.4 vol.% in the i-paraffins content compared with
that of the feedstock) and the highest liquid yield (100 wt.%)
because of the weaker acid strength and the more Lewis acid
sites in SAPO-11 (Table 4), but suffers a product RON loss by
3.8, fully demonstrating the inability of hydroisomerization
alone in preserving gasoline RON. Compared with the two
catalysts above, the catalyst with the mechanical mixture as
supporter (Catalyst C) provides the product with an improved
product RON, but still lower than that of the feedstock;
moreover, the high coke deposition may also restrict its
application. The catalyst with the ZSM-5/SAPO-11 composite
as supporter (Catalyst D) displays the best aromatization
activity (giving an increment of 10.2 vol.% in the arenes
content compared with that in the feedstock) and HDS
performance (93.3%), excellent hydroisomerization activity,
and superior RON preservability, illustrating the importance of
aromatization in maintaining gasoline RON. In addition to the
above-mentioned advantages, Catalyst D also offers higher
liquid yield and lower coke deposition, presenting itself as a
potential catalyst system for further commercial development,
in which the long-term stability is crucial.
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The superior reaction performance of Catalyst D is closely
related to the specific acidity and pore structure of the
composite. As shown in the above SEM images, the ZSM-5
phase is completely separate from the SAPO-11 phase in the
mechanical mixture, while the two phases in the composite are
intimately bonded by the interfacial effect, and thus their
synergism in acidity and pore structure is enhanced. This
feature of the ZSM-5/SAPO-11 composite cannot be obtained
simply by mixing the same single zeolites, as proven by Guo
et al. with n-heptane cracking as an example reaction for a Beta/
MCM-41 system [39]. Therefore, there is no doubt that the
ZSM-5/SAPO-11 composite is more effective for hydro-
upgrading FCC gasoline than the mechanical mixture.

4. Conclusions

ZSM-5/SAPO-11 composites were synthesized through in
situ crystallization of SAPO-11 on ZSM-5 and applied to
hydro-upgrading FCC gasoline. The SEM analysis results
showed that the composites had the morphology with ZSM-5 as
the core and SAPO-11 as the shell. Compared with the
mechanical mixture consisting of individual ZSM-5 and SAPO-
11, the composite had more mesopores favorable for the
diffusion of substances and suitable acidity distribution
advantageous to enhancing the synergism effect between
Bronsted and Lewis acids. These two effects markedly
improved the reaction performance of the composite-derived
FCC gasoline hydro-upgrading catalyst. They thus provided a
catalyst with balanced HDS, hydroisomerization and aroma-
tization activities that contributed to RON preservation, high
liquid yield and good stability in the case of the olefin and sulfur
reduction. Such results mean that the ZSM-5/SAPO-11
composite-supported Ni—-Mo catalyst could be taken as a
potential catalyst system for hydro-upgrading FCC gasoline.
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Abstract

Slurry bubble column reactors are being increasingly utilized in the large-scale conversion of coal or natural gas to liquid hydrocarbons
and alcohols. A new suite of tools for developing low-temperature methanol synthesis in circulating slurry bubble reactors is explored in this
study. The scale-up strategy consisting of hydrodynamics in cold flow units, catalyst performance evaluation in an autoclave, and process
investigation in a pilot-scaled circulating slurry bubble reactor is presented. This methodology should be helpful for designing and scaling-up
the low-temperature methanol synthesis and other related processes in slurry bubble column reactors, which will enhance and speed them

towards commercial application.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Methanol (MeOH) synthesis on a large scale is of interest, as
ameans of conversion of fossil fuel (coal and natural gas) to pri-
mary chemicals, vehicle fuel and fuel cell. Furthermore, MeOH
can be transferred into liquid transportation fuels, such as Mo-
bil’s methanol-to-gasoline process. Commercial processes from
syngas (CO + Hj) are still under high temperature. A typical
process designed by ICI operates at 490-540 K. It is well known
that the efficiency of MeOH synthesis is severely limited by
thermodynamics because it is an extremely exothermic reac-
tion (Wender, 1996; Tijm et al., 2001). For example, at 573 K
and 50 bar, the theoretical maximum of a one-pass CO con-
version process is around 20% (Reubroycharoen et al., 2003).
Therefore, developing a low-temperature process for MeOH
synthesis will greatly reduce the production cost by utilizing the
intrinsic thermodynamic advantage at low temperature (Zheng
et al., 2002; Zhang et al., 2003a).
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An alternative method via methyl formate (MeF) at low-
temperature of around 373 K in a liquid phase has been pro-
posed by Christiansen in 1919, and has achieved great success
in recent years (Sapienza et al., 1986; Liu et al., 1989, 1998;
Marchionna et al., 1997, 1998; Zhao et al., 1998, 1999, 2001,
2005a,b; Lee and Aika, 1999; Li and Jiang, 1999; Linghu et al.,
1999; Ohyama, 1999; Tsubaki et al., 2001; Zheng et al., 2002;
Zhang et al., 2003a). This process consists of two-steps - MeOH
carbonylation to MeF followed by hydrogenolysis of MeF to
two MeOH molecules as shown below:

CH3;0H + CO = HCOOCH3,
HCOOCH;5 + 2H, = 2CH;0H,
Net 2H, + CO = CH;OH.

The reactions can be carried out either concurrently in a single
reactor or in two separate reactors (Linghu et al., 1999).
Slurry bubble columns provide many advantages over fixed
bed reactors, such as simple construction and absence of mov-
ing parts, high heat and mass transfer rates, isothermal condi-
tion, and on-line catalyst addition and withdrawal (Fan, 1989;
Dudukovic et al., 1999; Joshi, 2001; Zhang, 2002), which is a
potential reactor for the commercial process of low temperature
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methanol synthesis (LTMS) (Zhang et al., 2003a; Zhao et al.
2005a,b). However, a major problem to restrict its commer-
cial application is due to the difficulty in scaling-up the results
from small laboratory batch equipment, such as stirred tank, to
large continuous industrial unit. Often results from small-scale
test units predict reactant conversion and space—time yield,
which cannot be achieved when the equipment size is increased.
Fischer-Tropsch synthesis plant in Brownsville, Texas, was a
representative case, which conversion was only 50% or so that
obtained in laboratory units (Safoniuk et al., 1999). This is a
common problem for multiphase reactors, including gas—liquid
bubble column and gas—solid fluidized bed too. Some promis-
ing scale-up strategies have been provided by Horio et al.
(1986), and Glickman et al. (1994) for gas—solid fluidized beds,
and by Krishna et al. (1996) and Safoniuk et al. (1999) for
gas-liquid—solid fluidized beds and/or slurry bubble columns.
But all of the methods aforementioned were based on the hy-
drodynamic analogies under ambient condition without taking
actual chemical reaction process into consideration. As Joshi
(2001) concluded, the present design practice for multiphase
systems is still closer to an art than science after more than half
century of research. We believe that a sophisticated integration
of the fluid dynamics in multiphase reactors together with the
heterogeneous catalytic reaction behaviour is a practicable so-
lution to this problem.

A generally used scale-up strategy for multiphase reac-
tors makes a separation between the more chemistry oriented
“Process research” and the more physics/mechanics oriented
“Engineering research” (Krishna et al., 1996). Up to now, the
majority of the literature concerning LTMS has been carried
out in autoclaves (e.g. Sapienza et al., 1986; Liu et al., 1989;
Marchionna et al., 1997, 1998; Zhao et al., 1998, 1999, 2001;
Lee and Aika, 1999; Li and Jiang, 1999; Ohyama, 1999; Tsub-
aki et al., 2001). Accordingly, a scale-up strategy of LTMS
technology in the slurry bubble reactor is provided for the
future commercial process in this study, which is composed
of (1) hydrodynamics in cold flow units with different column
structures using different three-phase systems, (2) catalyst
preparation and performance evaluation in an autoclave, and
(3) process exploration in a continuous slurry bubble reactor
with a capacity of two ton per year.

2. Hydrodynamics in cold flow units

To be robust and reliable, any new multi-phase reactor needs
to be based on a thorough understanding of the underlying
fundamentals of hydrodynamics. As MeOH synthesis is a gas
volumetric contraction process, gas flow rate decreases from
the bottom to the top in slurry bubble reactors. To meet this
feature, experiments were designed to investigate the hydrody-
namic analogies in cylindrical columns with inner diameters
and heights of 0.042m/1.5m (CSBCI), 0.05 m/2.0 m (CSBC2)
and 0.1 m/4.75 m (CSBC3), and to explore gas volumetric con-
traction reaction in a tapered column (TSBC), respectively.
The TSBC included a conical section and a cylindrical sec-
tion. The conical section was inner diameter increased from

0.10m at the bottom to 0.20m at the top with a height of
3.00 m. The cylindrical section located above the conical sec-
tion with an inner diameter of 0.20 m and a height of 1.20 m.
CSBC1 was made of glass and the others were made of Plex-
iglas. In the CSBC3, eight sampling tubes at 0.05, 0.20, 0.40,
0.80, 1.20, 1.60, 2.00 and 2.80m, but seven pressure tappings
at 0.05, 0.40, 0.80, 1.20, 1.60, 2.00 and 2.80 m above the dis-
tributor, respectively. In the TSBC, however, eight sampling
tubes and eight pressure tappings were placed at 0.05, 0.40,
0.80, 1.20, 1.60, 2.00, 2.40 and 2.80m above the distributor
at each side of the column. The investigated systems include
gas—liquid phase (air—water, nitrogen-actual liquid medium)
and gas-liquid—solid phase (air—water-quartz sand, nitrogen-
actual liquid medium-Cu-based catalyst powder). The actual
liquid medium was a mixture of sodium methoxide (CH3ONa)
solution, xylene and OP-10. Here, OP is short for polyethylene
oxide alkyl phenol. A relatively detailed investigation was per-
formed using air-water and air—water-quartz systems in CSBC3
and TSBC (Section 2.1), whilst some preliminary experiments
were explored using air—water-quartz sand and nitrogen-actual
liquid medium-Cu-based catalyst powder systems in CSBCl1
and CSBC2 (Section 2.2).

2.1. Flow regime and three holdups using
air-water/air-water-quartz system

In this section, flow regime and three holdups were inves-
tigated in detail in CSBC3 and TSBC. Axial solid concentra-
tion profile measured by the sample withdrawal method was
explained in a previous paper (Zhang, 2002). Local gas holdup
was obtained by pressure drop technique, whilst overall gas
holdup was obtained in two ways. One method was called the
weighed average method based on the data of local gas holdups.
The other one was called the bed expansion technique. They ap-
pear to be in close agreement with a maximum error of £10%
(Zhang et al., 2003b). A perforated plate with orifice diameter
of 8 x 10™* m and open area of 0.4% was employed. It should
be mentioned here that the superficial gas velocity in the TSBC
is based on the cross-sectional area of the bottom of the column.

2.1.1. Flow regime and overall gas holdup

Hydrodynamics, transport and mixing properties depend
strongly on the prevailing flow regime in bubble columns.
Three regimes (bubbly flow, transitional flow, and turbulent
flow regimes) occur in succession with increasing superficial
gas velocity according to the upward movement of the bubble
swarms in bubble columns. The transitional velocity decreases
at the presence of solid particles and it further decreases with
the increase of solid concentration. These are consistent with
results in the CSBC (Fan, 1989).

Fig. 1 shows that overall gas holdup within the TSBC is
smaller than that within the CSBC since the superficial gas ve-
locity decreases progressively along the axial direction in the
TSBC. In our experimental range, the effect of static height on
overall gas holdup can be neglected in the CSBC. However,
overall gas holdup decreases monotonically with the increase
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Fig. 1. Comparison of overall gas holdup in TSBC and CSBC: (a) Gas-liquid
system and (b) gas-liquid-solid system.

of static height in the TSBC (see Fig. 1a). This is also attributed
to gas velocity decreasing progressively in the axial direction.
The overall gas holdup is reduced with the presence of solid
particles and further reduces with the increase of solid concen-
tration (see Fig. 1b). The most plausible explanation is apparent
slurry viscosity increases with increasing solid concentration.
The resulting bubble is of a coalescing nature, which in turn
increases the size of the bubble as well as the rising velocity
of the bubble.

2.1.2. Axial solid concentration profile

The sedimentation—dispersion model has been used to de-
scribe the axial profile of solid concentration in the cylindri-
cal column since 1966 (such as by Cova, 1966). Later, Zhang
(1992, 2002) extended this model to the tapered column. A more
uniform concentration distribution in either CSBC or TRBC re-
sults from both an increase of solid dispersion coefficient and
a decrease of solid settling velocity with increasing superficial
gas velocity. The smaller the particle size, the more uniform
the axial solid concentration profile (see Fig. 2a). Although the
size distribution of the catalyst particles occurs in the com-
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mercial reactor for LTMS process, great insight into their gen-
eral behaviour can be found from investigating binary mixture.
As shown in Fig. 2b, the concentration of larger particles are
higher than that of smaller particles at the bottom, while the
concentration of smaller particles are higher than that of larger
particles at the top.

The effect of static slurry height on axial solid concentration
profile in the TSBC is different from that in the CSBC. In the
CSBC, the influence of the dimensionless static slurry height
on axial solid concentration is too slight to be considered in our
experimental range. However, as shown in Fig. 3 the gradient
of axial solid concentration profile becomes steep when static
slurry becomes high in the TSBC. The most probable reason is
that the superficial gas velocity decreases from the bottom to
the top in the TSBC.

It is clear that the TSBC can provide more uniform profile of
axial solid concentration than the CSBC when their diameters
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Fig. 3. Effect of static slurry height on axial solid concentration profile in
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of the bottom are equal (see Fig. 2a). This fact reveals that the
actual axial solid concentration distribution is more uniform
than the data obtained from the conventional cylindrical column
for the gas volumetric contraction reaction.

2.1.3. Axial gas holdup profile

Any system property that affects the bubble size or the bub-
ble rising velocity will affect gas holdup because gas holdup
depends on the bubble size and the bubble rising velocity. The
effects of gas velocity, static slurry (liquid) height, solid con-
centration, and particle diameter on axial profile of gas holdup
are explained below.

Similar to overall gas holdup, local gas holdup depends heav-
ily on the prevailing flow regime. As shown in Fig. 4a, an in-
crease in gas velocity leads to the increase of local gas holdup
at any axial position and local gas holdups progressively de-
crease with an increase of axial height due to the reduction of
gas velocity from the bottom to the top in the TSBC. The ratio-
nal explanation is that bubbles rise vertically without remark-
able interaction and their sizes depend on the distributor design
and on the physical property of liquid in the bubbly regime
while bubbles tend to coalesce or break up in the transitional
or turbulent regime.

The sedimentation—dispersion model can be used to de-
scribe axial solid holdup profile in both CSBC and TSBC as
mentioned above, which means that solid holdups decrease
exponentially in the axial direction. As expected, gas holdups
increase following an exponential curve at low gas velocity,
while becoming more uniform at high gas velocity within
the cylindrical column. The axial profile of gas holdups de-
creases with an increase of the axial position within the
tapered column (see Fig. 4b). This indicates that in ta-
pered columns the superficial gas velocity has a greater
influence on the axial profile of gas holdups than solid
concentration.
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height in TSBC: (a) Gas-liquid system and (b) gas-liquid—solid system
(Cp = 106kg/m3) (Hy =2.0m).

2.2. Preliminary fluid dynamics using air-water-quartz
sand/Nz-actual liquid medium-Cu-based catalyst powder
systems

Following the above section, some preliminary experiments
were explored using air—water-quartz sand and N»-actual lig-
uid medium-Cu-based catalyst powder systems in CSBC1 and
CSBC2. Two distributors were employed, i.e., a sintered plate in
CSBC1 for Np-actual liquid medium-Cu-based catalyst powder
system and a perforated plate in CSBC2 for air—water-quartz
sand system. The fluid dynamics, including the gas velocity
for complete solid suspension, flow regime, phase mixing, and
bubble movement behaviour, are obtained by naked eyes ob-
servation as follows:

1. The critical gas velocity for complete catalyst suspension
in the slurry of mixture of xylene and MeONa solution was
approximately 0.2 cm/s in CSBC1 (Zhao et al., 2005a), which is
lower than the critical gas velocity for quartz sand in tap water.

2. Bubbly flow, turbulent flow, and slugging regimes occur
in the order of increasing superficial gas velocity according to
the upward movement of bubble swarms in the column.
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3. At low gas velocity, bubbles are small and uniform in
size. They rise vertically without remarkable interaction. Gas
holdup depends mainly on superficial gas velocity and slurry
concentration at the same flow regime. Generally, overall gas
holdup increases with increasing superficial gas velocity and
decreasing slurry concentration.

4. Axial solid concentration profile becomes more uniform
with an increase in superficial gas velocity.

5. For Nj-actual liquid medium-CuCr catalyst powder sys-
tem, reasonable superficial gas velocity ranged from 0.2 to
8.0cm/s (Zhao et al., 2005a).

3. Catalyst preparation and performance evaluation in an
autoclave

To grasp chemical reaction process is necessary for devel-
oping a catalytic reactor. MeOH carbonylation is a homoge-
neously catalyzed reaction using alkali metal methoxides as
catalyst in the liquid phase, while hydrogenolysis of MeF is
carried out in both gas and liquid phases using a heterogeneous
copper-based catalyst. Commercial CH3ONa was employed as
carbonylation catalyst, but the Cu-based catalyst for hydrogena-
tion was developed by our group (Zhao et al., 1998, 2001).

The solid CuCr oxide catalyst was prepared by co-
precipitation with Cu(NO3);, CrO3 and aqueous ammonia
under a temperature of 30 °C. Main physical properties of the
solid catalyst are particle diameter (less than 44 pm), bulk
density (1005kg/m?), pore volume (0.15mL/g), and specific
surface area by BET method (56.4 m?/g). Experiments were
conducted in a 1-L magnetically stirred autoclave as shown in
Fig. 5. Syngas with H,/CO ratio of 2 or so was continuous
phase whilst a mixture of liquid CH3ONa solution and solid
CuCr powders was batch phase. The Cu-based catalyst was first
pretreated in situ with feed syngas when the reactor was heated
to the required temperature. After the autoclave was cleaned
and dried, the desired amount of slurry was charged. The au-
toclave was then vacuumed, flushed with syngas, and pressur-
ized to the required value at ambient temperature. The syngas
from high-pressure cylinder was controlled and metered by an
on-line mass flow controller and was fed into the autoclave.

Fig. 5. A sketch of the autoclave: 1. Syngas cylinder, 2. Ny cylinder, 3.
pressure reducing regulator, 4. mass flow meter, 5. water removal 6. COy
removal, 7. stirred reactor, 8. liquid sampling tube, 9. chilled condenser, 10.
back pressure regulator, 11. vacuum pump, 12. gas chromatograph, and 13.
wet-test meter.
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Table 1
GC analysis condition

For gas composition For liquid composition

Column dimension
Detector
Separation column

3 mm(diameter) x 3000 mm(length)

TCD FID

Molecular sieve SA PEC, 20000/SH-101
silanized white support

Column temperature Ambient 130°C
Carrier gas Ar No
Table 2

Physical properties of liquid medium and their effects on CO conversion

Liquid medium Xylene Methanol
Density (25°C), g/ml 0.878 0.787
Boiling point, °C 137-144 64-65
Dielectric constant 2.270-2.568 32.63
M.W. 106 32
Time on stream/h CO conversion/%

1 93.78 78.13
2 96.70 76.06
3 96.80 76.73
4 97.27 73.28
5 97.92 71.22

A back-pressure regulator was used to maintain the pressure in-
side the stirred tank. Effluent gas was withdrawn from the top
of the autoclave and cooled in a high-pressure condenser, while
non-condensable effluent gas was depressurized and then mea-
sured with a wet-test meter before it was vented. The compo-
sition of feed gas, tail gas, and liquid samples was determined
using the same gas chromatograph but the analysis condition
was different (see Table 1).

3.1. Determination of stirring speed and repetition of
Cu-based catalyst preparation

The CO conversion increases with an increase of stirring
speed from 600 to 1000 rpm because the contact area between
gas and slurry phases increases with decreasing the size of
bubble when stirring speed becomes high. Therefore, the effect
of extend diffusion can be neglected when the stirring speed is
greater than 1000 rpm.

The repetition of preparation is a key role for any commer-
cially catalytic reaction process. In this section the stability of
No. 202-03 solid CuCr catalyst was tested. The average error
for the catalyst calcined is 3.0% with maximum error of 5.74%,
and the average error of space time yield (STY) for three times
experiments is within 5%, which indicates that this kind of
preparation method is reliable and stable.

3.2. Effects of liquid phase medium, temperature and pressure

The reaction performance of LTMS depends upon the po-
larity of liquid phase reported by Onsager (1986). Two kinds
of liquid media (xylene and MeOH) were employed in this
study. Table 2 lists their physical properties and the effects on



1464

Table 3
Effect of pressure on the product distribution of catalyst system, Reaction con-
ditions: CuCr catalyst 30 g/l, MeONa 0.8 mol/l, xylene 20.93 NL/h (120°C)

Pressure CO conversion Liquid product
(MPa) (%)
MeF (%) MeOH (%)
35 94.99 2.01 97.99
4.7 99.13 1.99 98.01

reaction performance. It can be seen that CO conversion in xy-
lene medium is higher than that in MeOH medium. The dielec-
tric constant of xylene is much lower than that of MeOH. This
result may be explained by solvent effects in carbonylation of
methanol (Nguyen and Sridhar, 1996). Therefore, xylene was
selected as liquid medium.

Temperature affects reaction rate, syngas solubility, and so-
lution vapour pressure. According to thermodynamic theory, a
decrease of temperature shifts the equilibrium composition to-
wards the formation of MeF for MeOH carbonylation reaction.
However, the rate of MeF hydrogenation is too slow at low
temperature. From the viewpoint of kinetics, an increase of tem-
perature favours the rate of a chemical reaction. As it is known
that hydrogenolysis process is the essential rate-control step for
LTMS, which indicates that the CO conversion increases with
an increase of temperature in the range of 100-140°C. For a
commercial technology, the catalyst stability has to be taken
into consideration. Accordingly, a reasonable temperature is
lower than 120 °C for the actual slurry bubble reactor.

The reactive activity of the catalyst increases regularly with
the increase of pressure (see Table 3). As expected, an increase
of pressure is advantageous to a reaction of volume contraction
such as LTMS. However, the composition of liquid products
varies slightly with a change of pressure, which indicates that
the almost same influence of pressure on both carbonylation
and hydrogenation reaction rates.

4. Process development for LTMS in a circulating slurry
bubble reactor

Once some insight into the hydrodynamics in cold flow units
and the chemical reaction behaviours in an autoclave is estab-
lished, next step is to design a slurry bubble column reactor
under suitable operating conditions. Based on the fluid dynam-
ics in Section 2, we have learnt that MeOH and xylene are
soluble but CH3ONa solution and xylene are insoluble in bub-
ble columns. In this case, another medium would be required
to make xylene, MeOH and CH3ONa mix uniformly in the
bubble column. OP-10 was chosen after theory analysis and
experimental exploration. This phenomenon guides a mixture
containing CH30ONa solution, xylene, and OP-10 should be
a relatively satisfactory liquid medium for LTMS process in
slurry bubble columns. Accordingly, three phases consist of
syngas with H,/CO ratio of about 2 as the gas phase, a mixture
of CH30Na solution, xylene and OP-10 as the liquid phase,
and CuCr catalyst powders as the solid phase.
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4.1. Explorative investigation in a slurry-batch bubble reactor

In order to develop a novel LTMS process in continuous
slurry bubble reactors, preliminary experiments were first car-
ried out in a slurry-batch bubble reactor of 50 mm x 5 mm diam-
eter and 4500 mm height as schematically illustrated in Fig. 6.
A sintered plate was employed as the gas distributor. Liquid and
solid phases were added into the reactor before the operation,
but gas phase was introduced continuously in the bottom of the
reactor through the distributor during experimental process.
The CuCr catalyst was thoroughly mixed with CH3ONa solu-
tion before they were added in the middle of the column, then
a part of OP-10 was introduced at the same position. Finally,
xylene mixed with the left OP-10 was added at the top of the
column. When the reactor was heated to the required temper-
ature, the syngas from high-pressure cylinders was controlled
and metered by an on-line mass flow meter. It was fed into the
reactor after oxygen, water and CO, were absorbed on molec-
ular seizes 13X and 5A. The system was pressurized at the
required temperature. Two pressure regulators were installed
before the syngas entered the reactor and after the tail gas left
the product receiver, respectively, which can control the pres-
sure inside the bubble column reactor. The effluent gas from
the top of the reactor was cooled by water. Condensed liquid
product was collected into the product receiver. After being
depressurized, the non-condensable gas from the top of the
product receiver was metered by an on-line wet-test meter. The
majority of the non-condensable was vented whilst the other
was collected into a gas holder for gas analysis (Zhao et al.,
2005a). The compositions of feed gas, tail gas and liquid
product were analyzed by gas chromatography as depicted in
Section 3.

As a case study, Fig. 7 shows syngas conversion varies with
time on stream. The trend of syngas conversion decreases with
increasing reaction time, and the syngas conversion is lower
than 40% after 8 hours of the beginning operation. Average
CO conversion is about 78% within 9h. Liquid compositions
in the upper part of the reactor and in the product receiver are

Fig. 6. A sketch of the slurry-batch bubble column reactor: 1. Syngas cylinders,
2. pressure buffer tank, 3. mass flow meter, 4. oxygen removal, 5. water
removal, 6. CO, removal, 7. preheater, 8. slurry bubble reactor, 9. water
condenser, 10. product receiver, 11. wet-test meter, 12. gas holder, and 13.
pressure regulators.
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listed in Table 4. The ratio of MeOH to MeF is much higher in
the product receiver than that in the upper section of the reac-
tor. According to the chemical equilibrium of two-step MeOH
synthesis, there exists a synergy of the process coupling car-
bonylation and hydrogenolysis reactions. It is necessary for
the two-step LTMS technology to have optimum MeOH and
MeF concentrations or a suitable concentration ratio of MeOH
to MeF. Accordingly, MeOH and MeF should be partly re-
moved from the reactor during operation. Furthermore, it is
engineering requirement that liquid product have to be sepa-
rated from the slurry in the reactor. These two issues suggest
that an integrated process of reaction and separation is a po-
tential technology for a commercial LTMS process. A circulat-
ing slurry bubble reactor system, consisting of bubble column
reactor, separator and slurry recycle unit, is a relatively rea-
sonable method for the synergy of coupling two-step MeOH
synthesis.

4.2. Process development of LTMS in a continuous slurry
bubble reactor

Based on the hydrodynamic experiments in different slurry
bubble columns under ambient condition (Section 2), heteroge-
neous catalytic reaction behaviour of two-step LTMS in an au-
toclave (Section 3) and an explorative investigation in a slurry-
batch bubble reactor (Section 4.1), a continuous circulating
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Fig. 7. Variation of syngas conversion with time on stream. Reaction condi-
tions: CuCatE cat 120 g, CH30ONa 685 mL (5.25N), OP-10 400 mL, Xylene
3400mL; 90°C, 4.8 MPa, SV100~!, Hp/CO =2, flow rate 0.5m3/h.

Table 4
Liquid compositions in the upper section of the reactor and in the product
receiver

Xylene (%) MeOH (%) MeF (%) Ratio of
MeOH
to MeF
In the upper of  59.74 26.16 7.39 1:0.28
the reactor
In the product — 61.36 2.76 1:0.045

receiver
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slurry bubble reactor with a capacity to 2 tons per year, made
of stainless steel, is conceptually illustrated in Fig. 8. Table 5
lists their main geometry. A detailed explanation can be found
in a previous paper (Zhang et al., 2003a). Gas—liquid—solid sys-
tem was syngas/liquid-phase medium/Cu-based catalyst pow-
ders. The syngas with an approximate stoichiometric ratio for
methanol synthesis (Hy /CO = 2) was used as the gaseous reac-
tant. The liquid medium used was a mixture containing sodium
methoxide, xylene, and OP-10.

Before the run, the trapped air in the system was purged with
N> or syngas and vented to desired purity. Then both liquid-
phase medium and Cu-based catalyst were added into the sys-
tem. The syngas with H,O < 380 mg/m? and CO, < 100 ppm
from high-pressure cylinders was controlled and metered by an
on-line mass flow meter. It was fed into the bottom of the bub-
ble reactor after water and CO, were respectively removed less
than 5 and 10 ppm by sample analysis technique. We managed
the feed flow rate from 0.52 to 0.56 Nm>/hr. The system was
pressurized at ambient temperature. Two back-pressure regula-
tors were installed to maintain the pressure in both the bubble
reactor and the separator. Then the slurry pump was started at
the recycle flow rate of 0.05m3/h with a fluctuation of less
than 10%. Reactant gas, recycle slurry, and the reaction section
in the bubble reactor were heated to the required temperatures
by two preheaters and three electric heating coils. When the
reaction section reached the desired temperature, it was taken
as the start time of the operation. The main temperatures and
pressures in the system are listed in Table 5. The effluent gas
from the top of the separator was defoamed by a filter, cooled
by water, and further cooled by ice, while the effluent gas from
the top of the bubble reactor was only cooled by water. The
condensed liquid was separated in the expansion vessels and
was collected into product receivers. After being depressurized,
the non-condensable gas from the expansion vessels was me-
tered by an on-line wet-test meter and vented. The composi-
tions of feed gas, tail gas and liquid product were analyzed by
gas chromatography as depicted in Section 3. Two continuous
100-h runs were accomplished in this investigation. The com-
positions of gas, liquid medium and solid catalyst are listed in
Table 6.

4.2.1. Per-pass conversion
The per-pass conversions of CO can be estimated by the
following method:

Xes — VoCo — V1C1 — Vo Ca
co= VoCo

where, Xco, V and C are the conversion of CO, the volumetric
flow rate, and the volumetric concentration of CO, respectively.
Subscript 0 stands for the feed gas, 1 for the effluent gas from
the top of the bubble reactor and 2 for the effluent gas from the
top of the separator.

In order to control a suitable range of slurry heights in
the reactor and separator, the flow rates of recycle slurry and
effluent gases had to be adjusted according to operating con-
ditions. In addition, some unexpected troubles, such as valve
failure, line blockage, and the slurry pump pause, were met

x 100%,
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Syngas 1

Cll

Fig. 8. A sketch of the circulating slurry reactor: 1. Mass flow meter, 2. Ny cylinder, 3. water removal, 4. CO, removal, 5. preheaters, 6. magnetic liquid level
indicators, 7. bubble reactor, 8. separator, 9. slurry recycle pump, 10. filter, 11. water condensers, 12. chilled condenser, 13. expansion vessels, 14. product

receivers and 15. wet-test meters.

Table 5
Main geometry and operating conditions

Geometry Temperature (°C) Pressure (MPa)
Diameter (mm) Height (m)
Cylindrical section of the bubble reactor
45 %3 4.8 80-120 4.2-4.6
Enlarged section of the bubble reactor
159 x 6 12 80-100 4.2-4.6
Separator 159 x 6 1.64 70-90 0.3-0.5
Table 6
Composition of feeds
Run no. The composition of slurry
CH30ONa solution” Xylene Op-10 Total liquid Cu-based Cat
@L) @) ((5) L) (&
1 3.50 14.02 2.48 20.00 600
2 4.08 15.58 2.51 22.17 700
The mean composition of syngas (vol%)
Hyp cO CHy4
No. 1 68.81 30.14 1.05
No. 2 68.94 30.64 0.42

*Note: Solvent, methanol; CH3ONa concentration, 26.1%; NaOH concentration, 0.4%.

during two 100-h operations. These situations would cause
sharp fluctuations of per pass conversions. A five-point me-
dian filter that the central point is replaced by the median value
of five consecutive data points (Harris et al., 2003) is used to
process the original experimental data in this study. As an ex-
ample, Fig. 9 plots the per-pass conversions of CO and H»
during Run No. 2. CO conversion keeps almost constant for

50h or so, and then it decreases gradually with increasing re-
action time. It is clear that the stability of the catalyst sys-
tem is poor although its initial activity is quite high. However,
the circulating slurry bubble reactor has an advantage over a
slurry-batch bubble reactor, seen by comparing Fig. 7 with
Fig. 9, which indicates that the circulating slurry bubble sys-
tem, consisting of reactor, separator and slurry recycle pump,
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Fig. 9. CO and Hj per-pass conversions (Run no. 2).

is a potentially commercial LTMS process to deal with a syn-
ergy of MeOH carbonylation and MeF hydrogenolysis reac-
tions as well as liquid product separation from the slurry in the
reactor.

4.2.2. Effects of operating conditions and axial concentration
profile

The effects of temperature and pressure on per-pass conver-
sion were tested during the steady operation. It was the same
as in the autoclave and slurry-batch bubble reactor, conversion
of CO, Hy or syngas increased with increasing pressure and
temperature in the slurry-continuous bubble reactor.

Solid concentration decreases exponentially from the bottom
to the top in bubble columns based upon the sedimentation-
dispersion model in Section 2.1.2. Three samples were obtained
from the different axial position in the cylindrical section of
the bubble reactor just before shutdown and catalyst concentra-
tions presented nearly uniform profile. This result comes from
the small diameter of catalyst, a high ratio of liquid density
to solid density, and high slurry circulating velocity. The rela-
tively uniform catalyst concentration in the slurry bubble reac-
tor is helpful to remove the reaction heat, especially for strong
exothermal reaction.

4.2.3. Compositions of liquid product and slurry remaining
After the shutdown, the condensed liquid product and the
slurry remaining in the circulating slurry bubble reactor were
analyzed using the gas chromatograph aforementioned. As
listed in Table 7, the composition of liquid product consisted
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Table 7
Composition of the condensed liquid product (wt%)

Run no. MeOH MeF DME Ratio of MeOH to MeF
No. 1 79.52 19.25 1.23 1:0.24
No. 2 82.16 17.04 0.80 1:0.21
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Fig. 10. Comparison of per-pass conversion in different reactors.

of MeOH, MeF, and DME (dimethyl ether). The selectivity
of product, including MeOH and MeF, was greater than 98%
and the ratio of MeOH to MeF in the product receiver was
close to that in the upper section in the slurry-batch column
reactor as listed in Table 4, which also shows a circulating
slurry bubble reactor has advantage over a slurry-batch bubble
reactor. Moreover, about 5% (wt%) MeF was found in the
slurry remains. This value was less than in the liquid product.

4.3. Evaluation in a stirred reactor

In order to evaluate the feasibility of the circulating slurry
reactor for LTMS process, parallel experiments were conducted
in a 1-L magnetically stirred autoclave. The experimental set-up
used the same as that in Section 3, but the operating condition
was the same as in Section 4.2.

Fig. 10 compares per-pass syngas conversions for Run
2 in the circulating bubble reactor to the autoclave. It was
surprising that there was no effluent gas from the autoclave
at the beginning of the reaction period. The reason was that
the initial activity of catalyst was so high that the system
pressure decreased sharply and was lower than the designed
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back pressure value. It was found that the effluent gas from
the separator was strongly affected by the recycle flow rate
of slurry. The unreacted syngas was dissolved into the bulk
slurry in the bubble reactor under high pressure and then de-
gassed, together with the gaseous products, from the slurry in
the separator under low pressure. The scale-up efficiency of
the circulating slurry bubble reactor was about 80% of that
achieved in the autoclave although the recycle flow rate used in
this circulating bubble reactor was about 10 times higher than
the design parameter of a commercial process because of the
limitation of the slurry pump. Furthermore, OP-10 was added
in the circulating bubble column reactor, but it was absent in
the autoclave. Zhao et al. (2005b) reported that OP-10 influ-
ences the reaction behaviour of LTSM. This influence needs
to be further investigated in future work.

5. Conclusion

A scale-up strategy for LTMS in bubble column reactors is
provided, which separates the more physics/mechanics oriented
“Engineering research” and the more chemistry oriented “Pro-
cess research”. The roadmap is illustrated as below:

e hydrodynamics in cold-model slurry bubble columns (Engi-
neering Research),

e catalyst performance in an autoclave (Process Research),

e probing the operating conditions in a slurry-batch pilot
installation,

e 2 continuous 100-h runs in a 2T/a circulating slurry bubble
reactor based on the fundamental investigation in the above
three aspects (Engineering Research + Process Research)
and,

e cvaluating in a stirred reactor.

We have shown that an advanced scale-up method for slurry
bubble column reactors is very promising to support LTMS
technology towards commercialization process, although the
catalysts were deactivated in a short period in both the slurry
bubble reactors and autoclave. This requires that catalyst system
with stable activity be developed in the near future.

Looking ahead, it is clear that the intensification of R&D for
LTMS in slurry bubble column reactors will continue, under
the ever-increasing pressure from the market to increase the
speed of innovation and to reduce the cost of technology com-
mercialization. The pressure will further enhance the already
strong role of the scale-up strategy in the work process, leading
to more directed experimentation, more efficient data sampling
technique, more fundamentally oriented calculational method,
and more all-encompassing optimization tool.

Notation

C volumetric concentration of CO

Cp average solid concentration in the slurry, mass per
volume, kg (solid)/m?3 (slurry)

dy, particle diameter, m

K. Zhang, Y. Zhao / Chemical Engineering Science 61 (2006) 1459—1469

Hy static liquid (slurry) height based on the distributor,
m

U, superficial gas velocity, m/s

% volumetric flow rate, NL/h

Xco CO conversion

Subscripts

0 feed gas

1 effluent gas from the top of the bubble reactor

2 effluent gas from the top of the separator
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Abstract

In the computational fluid dynamics (CFD) modeling of gas—solids two-phase flows, drag force is the only accelerating force acting
on particles and thus plays an important role in coupling two phases. To understand the influence of drag models on the CFD modeling
of spouted beds, several widely used drag models available in literature were reviewed and the resulting hydrodynamics by incorporating
some of them into the CFD simulations of spouted beds were compared. The results obtained by the different drag models were verified
using experimental data of He et al. [He, Y.L., Lim, C.J., Grace, J.R., Zhu, J.X., Qin, S.Z., 1994a. Measurements of voidage profiles in
spouted beds. Canadian Journal of Chemical Engineering 72 (4), 229-234; He, Y.L., Qin, S.Z., Lim, C.J., Grace, J.R., 1994b. Particle
velocity profiles and solid flow patterns in spouted beds. Canadian Journal of Chemical Engineering 72 (8), 561-568.] The quantitative
analyses showed that the different drag models led to significant differences in dense phase simulations. Among the different drag models
discussed, the Gidaspow (1994. Multiphase Flow and Fluidization, Academic Press, San Diego.) model gave the best agreement with
experimental observation both qualitatively and quantitatively. The present investigation showed that drag models had critical and subtle
impacts on the CFD predictions of dense gas—solids two-phase systems such as encountered in spouted beds.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Drag force; CFD modeling; Spouted beds; Gas—solids two-phase flow

1. Introduction recirculate heat in an organized manner, thus leading to
extended ranges of flammability, enhanced reaction rates,

Spouted beds, originally invented in Canada by Mathur and super-adiabatic temperatures, considerably higher than
and Gishler (1955) as an alternative to fluidized beds the adiabatic flame limit of premixed reactants for a given
for handling coarse particles, are now widely applied in preheat temperature (Weinberg et al., 1988). Consequently,
various physical operations such as drying, coating and increasing attention has been paid to the application of
granulation. The distinctive advantages of spouted beds as spouted beds as chemical reactors, including as combustion
reactors for various chemical processes are also well recog- reactors (Arbib and Levy, 1982; Khoshnoodi and Weinberg,
nized in recent years. In addition to their ability to handle 1978; Konduri et al., 1995, 1999; Lim et al., 1988; Vuthaluru
coarse particles, spouted beds also possess certain structural and Zhang, 2001a,b; Weinberg et al., 1988), coal gasifi-
and flow characteristics that are very desirable in some cation reactors (Arnold et al., 1992; Song and Watkinson,
chemical reaction systems. For example, the toroidal nature 2000; Sue-A-Quan et al., 1995; Tsuji and Uemaki, 1994),
of particle motion in spouted beds makes it possible to catalytic partial oxidation reactors (Marnasidou et al., 1999;

Wei et al., 2003), catalytic oxidative coupling reactors (Do

_ . . et al., 1995; Mleczko and Marschall, 1997), catalytic poly-
* Corresponding author. The Key Laboratory of Catalysis, China Na- L. ol 1. 1997 d lvsi

tional Petroleum Co., China University of Petroleum, Beijing 102249, PR merization reactors (Olazar et al., ), an pyrolysis reac-

China. Tel.: +861089734836; fax: +861089734979. tors (Aguado et al., 2000; Olazar et al., 2000; Uemura et al.,

E-mail address: baoxj@cup.edu.cn (X. Bao). 1999a,b). While promising results have been reported in

0009-2509/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ces.2005.08.013
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bench- and pilot-scale spouted bed reactors, the information
on the development of spouted beds as chemical reactors
is inadequate. One such inadequacy is that abundant results
now available in literature are derived from experiments un-
der ambient conditions, whereas most of the spouted beds
as chemical reactors should be operated at elevated temper-
ature and pressure, such as in coal gasification and methane
partial oxidation.

In addition to the experimental works as summarized by
Mathur and Epstein (1974) and Epstein and Grace (1997),
now there is a growing interest to use computational fluid dy-
namics (CFD) methods to explore the possibility of spouted
beds as chemical reactors (Huilin et al., 2001; Kawaguchi
et al., 2000; Krzywanski et al., 1992). The two most com-
monly used methods for modeling gas—solids two-phase sys-
tems are the discrete element method (DEM) and the two-
fluid model (TFM). In the DEM approach, the gas phase is
described by a locally averaged Navier—Stokes equation, the
motion of individual particles is traced, and the two phases
are coupled by interphase forces. For the TFM approach, the
different phases are mathematically treated as interpenetrat-
ing continua, and the conservation equation for each of the
two phases is derived to obtain a set of equations that have
similar structure for each phase. Both of the two approaches
are adopted in spouted bed modeling. Krzywanski et al.
(1992) developed a multi-dimensional model to describe
the gas and particle dynamic behavior in a spouted bed.
Kawaguchi et al. (2000) proposed an Eulerian—Lagrangian
approach, the three-dimensional motion of solids was dis-
cretely traced by solving Newton’s equation of motion us-
ing the DEM. Huilin et al. (2001) presented a two-fluid
gas—solids flow model for spouted beds, viewing spout and
annulus as two interconnected regions. Huilin et al. (2004)
also incorporated a kinetic-frictional constitutive model for
dense assemblies of solids in the simulation of spouted beds.
The model treated the kinetic and frictional stresses of par-
ticles additively.

From the point of view of computation, the TFM ap-
proach is much more feasible for practical applications to
complex multiphase flows, therefore extensive attention has
been given to improving its accuracy. The success of the
TFM depends on the proper description of the solid stress
and the interfacial forces. By introducing the concepts of
solid “pressure” and “viscosity”, the well-known granular
kinetic theory has been well established and now has being
widely employed for the solid stress calculation. However,
less effort was made to the study of the interfacial forces in
the past.

The interfacial forces include drag force, lift force and
virtual mass force, etc. In coupling the equations of the
two phases, due to the large difference in their densities,
those forces other than drag force are less significant, and
thus can be usually neglected. Consequently, in most re-
ports, whenever the interfacial forces were dealt with, only
drag force was considered. Some authors had noticed that
the choice of drag models played a critical role in simulat-
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ing gas—solids two-phase flows. Yasuna et al. (1995) showed
that the solution of their model was sensitive to the values
of drag coefficients. O’Brien and Syamlal (1993) suggested
that the drag force correlations for fine particles should be
corrected to account for the formation of clusters. Enwald
et al. (1996) found that the predictions based on different
drag models were in good agreements with each other for
the dilute region, but obviously different for the dense re-
gion. van Wachem et al. (2001) noticed that flow predictions
were not sensitive to the use of different solid stress models
or radial distribution functions, as the different approaches
were very similar in dense flow regimes, but the application
of different drag models significantly impacted the flow of
the solid phase. More or less, these results signify that an im-
proper choice of drag models may yield inaccurate results or
even lead to incorrect descriptions of gas—solids two-phase
flows. Unfortunately, by digging out in literature, we found
that a detailed examination to the effect of drag models on
CFD modeling seems unavailable.

In spouted bed systems, the volume fraction of particles
can vary from almost zero to the maximum packing limit,
leading to much more complex behavior of drag forces than
that in normal fluidization systems. By incorporating various
drag models into the two-fluid model, the present study is
conducted with the aim of fully understanding the influence
of the choice of drag models on simulation and thereby
laying a basis for the CFD modeling of spouted beds.

2. Model equations

It is well known that the gas—solids flow in a spouted
bed can be divided into three zones: the spout zone in the
bed center, where the spouting gas and particles rise at high
velocity and the particle concentration is low; the annulus
zone between the spout and the wall, where particles move
slowly downwards; and the fountain zone where the particles
rise to their highest position and then rain back to the surface
of the annulus. Thus, a cyclic pattern of solids movement is
established.

In the present investigation, the TFM approach is adopted
to model the complex gas—solids flow in a spouted bed. By
the TFM approach, the two-phase in spouted beds is treated
as interpenetrating continua by incorporating the concept of
phase volume fractions. The volume fractions represent the
space occupied by each phase, and the laws of mass and
momentum conservation are satisfied by each phase individ-
ually.

2.1. Conservation equations of mass and momentum

The volume fraction balance equation is (¢ = g, 5):

2.1)
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The mass conservative equation for phase ¢ (¢ = g, 5) is
0
a(aqpq) +V - (agp, T ¢) =0. (2.2)

The momentum conservative equation for phase g (¢ =
g,s8)1s

0
a(aqqu)q) +V- (ocqpq_zfq_tfq)

n
=—04VP+V T4+ Zﬁpq +o4p,
p=1

x (7‘1 + _F)lift,q + ?Um,q)v (23)

where 7’),, is the external body force, 7“&,,, is the lift force,
7,,,“1 is the virtual mass force, and B pq 1s the interaction
force between the two phases. In this investigation, only
drag force and gravity are considered with the lift force and
virtual mass force neglected.

2.2. Kinetic theory of granular flow equations

Closure of the solid phase momentum equation requires
a description of the solid phase stress. The granular kinetic
theory derived by Lun et al. (1984) is adopted in this study.

Analogous to the thermodynamic temperature for gases,
the granular temperature @; can be introduced as a measure
of the particle velocity fluctuations, i.e.,

0, =1 (?). (2.4)

The solid phase stress depends on the magnitude of the
particle velocity fluctuations. The granular temperature con-
servative equation is

3]0
5 [a(psa‘YO‘Y) +V. (psas?x @\):|

=(=psl +7%) : VT = V(ko,VO;)
—70; + ¢, (2.5)
where (— pj—l—i) : VW is the generation of energy by the

solid stress tensor, kg, V @y is the diffusion of energy (kg, is

the diffusion coefficient), y@; is the collisional dissipation
3/2
of energy, YO, = ((12(1 — efs)goﬁss)/dpﬁ)psocf@s/ , and

¢ g5 = =3B, 0Oy is the energy exchange between fluid and
solid phase.
The solid pressure is given by (Lun et al., 1984)

Py = OsPg O, + 2;05(1 + ess)“?g(),ss Oy, (2.6)

where go s is the radial distribution function expressed by

17377}
Qo =|1——2 . 2.7)
Os, max

The solid bulk viscosity is given as (Lun et al., 1984)

4 [0,
As = gagpsdpg(),m(l + ess) ﬁ (2.8)

The solid shear viscosity is given by Ding and Gidaspow
(1990) as follows:

4, O
My = g“spsdpgo,ss(l + es5) 7

IOdeP\/T@S 4 2
%1 tenm|'t5 Itey)|. @9
N 96(1 + €55)80.55 + SgO,stC_;( + ess) (2.9)

2.3. Turbulence model

Turbulence predictions for the continuous phase are ob-
tained using the standard k—¢ model supplemented with ex-
tra terms dealing with the interphase turbulent momentum
transfer.

The Reynolds stress tensor for the continuous phase is

=/

s _
Ty = — 5(pgkg + Pyt oV - ng)l

T
Pty (V- Ty +V-T ), (2.10)

where y, , is the turbulent viscosity.

Turbulence predictions of the continuous phase are ob-
tained from the modified k—¢ model expressed by Egs. (2.11)
and (2.12).

° 7
a(“gpgkg) +V. (“gpg gkg)

U
=V. (ocg ;—:’@) +0gGrg — UgpPgte
+ogpo kg (2.11)

’ 7
a(“gpggg) +V. (“gpg ¢€g)

) :
=V. (agﬁeg> + 0y L (C1Grg — Capgty)
o, kg
+ogp Iz g, (2.12)

where Iy , and IT, , represent the influence of the dispersed
phase on the continuous phase.

Predictions for the turbulence quantities of the dispersed
phase are obtained using the Tchen theory of dispersion of
discrete particles by homogeneous turbulence (Hinze, 1975).
These turbulence quantities include

b +
ks = kg GERELES (2.13)
1+ 15
b+,
ksg = 2kg Ise ), (2.14)
L+ny,
Dt,sg = %k:gft,sgs (2.15)
Dy = Dy 55 + (%ks - b%ksg)TF.sgy (2.16)

.
b=(1+cv)<zs+cv> , 2.17)
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where Cy in Eq. (2.17) is the added-mass coefficient, equal
to 0.5. And 1f 5, in Eq. (2.16) is the characteristic particle
relaxation time connected with inertial effects acting on a
dispersed phase. 1; 55 in Eq. (2.15) is the Lagrangian integral
time scale calculated along particle trajectories.

2.4. Drag models

Generally, the drag force acting on a particle in
fluid—solids systems can be represented by the product of
a momentum transfer coefficient f§ and the slip velocity
(v — u) between the two phases:

Uspg _ _
T = ulf ()0 = 1) = B0~ w). (2.18)
14

3
fdrag = ZCD

The correlations of f§ are usually obtained from pressure
drop measurements in fixed, fluidized, or settling beds. For
the motion of particle swarms, however, it has been found
that the volume fraction of the particle phase has a complex
and subtle influence on drag force.

An earlier drag model was proposed by Richardson and
Zaki (1954)

,B _ Ps%g8

—
uzoly !

(2.19)

where the exponent n depends on the Reynolds number
based on the terminal velocity of an isolated particle. Gar-
side (1977) gave

51—n
n—2.17

=0.1Re>. (2.20)

This expression is still widely used by many researchers
(Burger et al., 2000; Ocone et al., 1993; Sinclair and Jackson,
1989).

By extending the work of Richardson and Zaki (1954),
Wen and Yu (1966) presented a correlation for high void
fraction (o;; >0.8):

3, UsPg —265
p= GO0 =

2.21)

Gidaspow et al. (e.g., Ding and Gidaspow, 1990) em-
ployed the Ergun (1952) equation for dense phase calcula-
tion and the Wen—Yu (1966) equation for dilute phase cal-
culation:

2
o o p
=150—""8 + 17527 — ul, 0.8,
ﬁErgun “gdlz; + dp [V — ul Og <
3 Uspg _
Pwenvo = ;Co— 10 —ula ™ 2,208, (222)
4
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where drag coefficient Cpp was expressed by

Cp= %zlgep [1+40.15(x, Rep)0'687], Re,, <1000
0.4, Re, > 1000
(2.23)
v —uld
Rep = L (2.24)
! It
3

This kind of treatment has been widely adopted in the
CFD modeling of gas—solids fluidized beds (Hoomans et al.,
1996; Kawaguchi et al., 1998; Mikami et al., 1998; Pita
and Sundaresan, 1991, 1993). To avoid the discontinuity of
the two equations, Gidaspow (1994) introduced a switch
function that gave a rapid transition from one regime to the
other

_ arctan[150 x 1.75(0.2 — ay)]
bis

+0.5. (2.25)

Pes
Thus, the momentum transfer coefficient can be expre-

ssed as

p=01- q)gs)ﬂErgun + q)gsﬁWen—YU' (2.26)

According to Eq. (2.26), the momentum transfer coeffi-
cient f can be rewritten as
s

d

3
ﬁ:ZCD LU — ul f (o). (2.27)
p

Di Felice (1994) gave a newer form of the factor f (o)

f(OCs) = OC;X7

where x is an empirical coefficient depending on the particle
Reynolds number (Rep)

(2.28)

x=3.7-0.65 exp[—%(l.S —logyg Rep)z], (2.29)
2
Cp= <0.63 + 4.8/\/Rep) . (2.30)

Syamlal and O’Brien (1988) proposed a model of the
two-phase drag coefficient based on measurements of the
terminal velocities of particles in fluidized or settling beds
in the form

3C v—u
p= 7—§Lagas, 231
A7 4,
2
Cp= (0.63 148,/ f/Re,) , (2.32)

where f is the ratio of the falling velocity of a suspension
(superficial) to the terminal velocity of a single particle.
Here, the expression due to Garside and Al-Dibouni (1977)
was used.

f=05 (A — 0.06 Re

-1-\/(0.O6Re)2 +0.12Re(2B — A) + A2> , (2.33)
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A= o(;}.14.
2.65
o9, oy < 0.15,
— 8
b= {O.Sa;-%, o, >0.15. 239

This expression is also widely adopted by researchers (van
Wachem et al., 1998, 1999).

Arastoopour et al. (1990) proposed a gas—solids drag co-
efficient model that gave continuous values over all ranges
of solid volume fractions, Enwald et al. (1996) used this
model in their work

17.3 Py _
B = [E + 0‘336] iw — ulosoy >¥, (2.35)
d,lv—u
Re, = M. (2.36)
14 1
8

In addition to these correlations, many other correlations
are also available in literature, such as
(1) Louge et al. (1991) model:

3 . pglv—ul

=>-C o 2.37
B 2Cp a o, (2.37)
24 0.687
Cp=—-—(1+0.15Re,”"), 0<Rep<800. (2.38)
Re),
(2) Gibilaro et al. (1985) model:
17.3 Pg — -18
B= [E+O.336] Elv—ulasag , (2.39)
where
dpog|v—u
Rep = PV ulpg (2.40)
2p,
(3) Nieuwland et al. (1994) model:
3 o
B=2Co2PE 5 —ulf(a), (2.41)
4 dp
1
09971442350, 1733422 %5 < 0.1276,
flas) = (2.42)
o3 o >0.1276.
(4) Andrews and O’Rourke (1996) model:
3Pg v —ul
p=Cp-— (2.43)
P 8 Py RP
24 (565 REP o
CD = ﬁ (O(g -+ To(g N (244)
2p,1v —u|R
Re = 2PslV IRy (2.45)
He
3V, \ /3
Rp = (—”) . (2.46)
4n
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(5) Zhang and Reese (2003) model:
2 o
15058 417525y, 0, <0.8,
ed3 dp
f= (2.47)
1t Up 2, o5 >0.8.
g7 112
U, = [(v —u)? + —] : (2.48)
T
c —<oz8+ 6 | 21) (2.49)
b= ’ JRep Rep ’ ’

One of the difficulties encountered in the simulation of
circulating fluidized beds (CFBs) is the prediction of the
clustering effect. The terminal velocity of a cluster usually
exceeds the terminal velocity of a single particle. By intro-
ducing a correction factor Rt, O’Brien and Syamlal (1993)
obtained a correlation that took into account the clustering
effect:

fotws = Ri {14 C Rep g expl—0.005(Re, — 5)1

—90(Re, —0.92)?}. (2.50)

Yang et al. (2003) proved that the drag coefficient of par-
ticles was reduced if they were grouped in aggregates by
using the EMMS (energy-minimization multi-scale) model.
They proposed a new approach to calculate drag coefficient.
To embed the approach into the TEM, they derived a new
correlation according to the EMMS model.

0.0214

—~0.5760+ 1o—g e ro00m

(0.74 < 0g <0.82),

0.0038

—0.0101 +4(ag—0A7789)2+0A0040 ’

(0.82< 0, <0.97),

—31.8295+32.82950,, (g 20.97),

(2.51)

where o is the correction factor of drag coefficients. Then,
the drag model can be rewritten as

Os

15058 11 75%P 5 0.74
ocgd12,+ 157 [v—ul, o;<0.74,

(2.52)

S0 _
2 [0 — ulCpo,

3 o, >0.74.

The model was said to be capable of reflecting the real
mechanisms of gas—solids interactions.

In this study, the most commonly used Richardson and
Zaki (1954), Gidaspow (1994), Syamlal and O’Brien (1988),
Di Felice (1994) and Arastoopour et al. (1990) models are
selected to examine their influence on CFD modeling.



1406 W. Du et al. / Chemical Engineering Science 61 (2006) 1401—1420

$ 152mm

115mm

& 19mm

The geometry of the vessel The numerical grids

Fig. 1. Geometry of the spouted bed (He et al. 1994a,b) and numerical
grids used.

Table 1
The experimental conditions used by He et al. (1994a,b)

Parameter Description Spouted bed used
by He et al. (1994a,b)
py (kg/m?) Solid density 2500
pg (kg/m?) Gas density 1.225
U (Pas) Gas viscosity 1.7894E-05
dp (mm) Particle diameter 1.41
ess Particle restitution 0.9
coefficient
s, max Maximum solid 0.59
packing volume fraction
Hy;, (mm) Packing bed height 325
D, (mm) Column diameter 152
D; (mm) Orifice diameter 19

3. Model solution procedure

In the present investigation, the experimental results ob-

tained by He et al. (1994a,b) in a spouted bed (Fig. 1) with
the geometry described in Table 1 are adopted to validate
the model predictions. Using optical fiber probe systems,
He et al. (1994a,b) measured the voidage profiles and the
vertical particle velocity profiles in the spout, annulus and
the fountain regions of the spouted bed. The gas they used
was air and the solids were glass beads. The corresponding
experimental conditions are also listed in Table 1.

The commercial CFD simulation package FLUENT 6.1
is used to simulate the hydrodynamics of the spouted bed.

115

Set boundary and initial conditions

l

Update particle properties, fluid flow
state, interaction laws etc.

}

Solve pressure from momentum
equations using SIMPLEC method

}

Solve continuity equation, update pressure, face
mass flow rate

}

Solve species, turbulence and other scalar
equations

Fig. 2. Flow sheet of the simulation algorithm.

The set of governing equations are solved by a finite con-
trol volume technique. The pressure—velocity coupling is
obtained using SIMPLEC algorithm. The two-dimensional
axial symmetry is assumed. The grid in the computation
domain is showed in Fig. 1. The computation needs 8s
real time for the spouted bed to reach at its steady-state,
and the time intervals used in the first 2000 steps are 1 x
10735, and in the remaining 3000 steps 2 x 107>s. The
simplified flow sheet of the simulation algorithm is shown
in Fig. 2.

The boundary conditions are as follows:
(1) at the entrance, the gas injects only in the axial direction,
so the inlet gas velocity condition is: u, o = 64U and
uyo =0;
at the outlet, an outflow boundary condition is given, the
velocity gradient is zero, i.e., Quy /0x = 0;
on the wall, a no slip boundary condition is assumed.

(@)
3

4. Results and discussion
4.1. Quantitative analysis of the drag models

The drag functions as a function of solids volume frac-
tion based on the different drag models are calculated and
plotted in Fig. 3. The calculations are made with the rela-
tive interstitial velocity at 10.0 m/s (which is typical in the
spout region) and the particle diameter and Reynolds number
1.41 mm and 953, respectively. Fig. 3 shows that in dilute re-
gion (solids volume fraction < 0.2), all drag models except
for the Richardson and Zaki (1954) model give nearly iden-
tical results. When the solids volume fraction is increased
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Fig. 3. Comparison of drag models.

up to 0.2, their differences emerge: (1) the drag function
based on the Richardson and Zaki (1954) model is insensi-
tive to solids volume fraction; (2) that based on the Di Felice
(1994) model rapidly increases with increasing solids vol-
ume fraction, a similar tendency exists for the Arastoopour
et al. (1990) model when solids volume fraction is higher
than 0.45; (3) those based on the Gidaspow (1994) model
and the Syamlal and O’Brien (1988) model are very close
and show a smoothly increasing tendency with the increas-
ing solids volume fraction. It is also observed that the drag
functions obtained by the Gidaspow (1994) model and by
the Syamlal and O’Brien (1988) model intersect each other
with solids volume fraction at ca. 0.18 and 0.52, respectively,
within this range the drag function curve by the Syamlal
and O’Brien (1988) model is below that by the Gidaspow
(1994) model. These results reflect that the differences in
drag functions are mainly caused by the different varying
trends of og with increasing solids fraction. It is also noted
that when the particle volume fraction is between 0.18-0.35,
the Gidaspow (1994) model gives the highest estimation
of the drag function. As mentioned before, the solids vol-
ume fraction in spouted beds can vary from almost zero to
the maximum packing limit, so the choice of drag models
may have a profound influence on the CFD simulation of
spouted beds.

Obviously, the differences among the drag models mainly
occur when the solids volume fraction is higher than 0.2
which is the typical solids volume fraction in spouted beds
except in the region near the orifice, signifying that the ac-
curacy of the prediction in dense region accounts for the
simulation differences. Enwald et al. (1996) made a similar
comparison for a system of 0.7 mm particles operating at a
relative interstitial velocity of 1.0 m/s, and their results also
showed that differences emerged in dense region. However,
Yasuna et al. (1995) found that this trend was not so obvi-
ous for Geldart B particles unless the solids volume fraction
was close to the maximum packing limit.

116

1407

4.2. Effect of the choice of drag models on simulated flow
patterns

With the inlet gas jetting velocities at 0.594, 0.648, and
0.702 m/s, respectively, the flow patterns simulated using
different drag coefficient correlations at the time 8 s after the
gas is introduced to the spouted bed are presented in Figs.
4-8 .

Figs. 4 and 7 show that by the Richardson and Zaki (1954)
model and Di Felice (1994) model, the fountain is formed at
low gas spouting velocity, but the inner void center is unsta-
ble, presenting itself more or less like a bubble/slug flow. By
the Gidaspow (1994) model, as shown in Fig. 5, the spout,
annulus and fountain can be clearly visualized and the spout-
ing is stably established. By Syamlal and O’Brien (1988)
model, as shown in Fig. 6, and by Arastoopour et al. (1990)
model, as shown in Fig. 8, the spouting onsets at a gas ve-
locity of 0.704 and 0.594 m/s, respectively. By comparing
to the experimental minimum spouting velocity 0.54 m/s re-
ported by He et al. (1994a,b), it can be seen that the two
drag coefficient models underestimate the gas—solids drag
of the spouted bed system. It can be observed that at a lit-
tle higher gas velocity than the experimental value a good
recirculation of particles is established, and the three flow
regions can be clearly observed.

The results stated above reveal that the choice of drag
models can significantly affect the simulated flow patterns.
It seems that both under- and over-estimations of drag co-
efficients in the dense phase bring about the deviation of
the flow pattern from stable spouting operation, resulting in
a bubble/slug flow pattern. For dense phase systems, van
Wachem et al. (2001) showed that the Syamlal and O’Brien
(1988) model led to lower predictions of pressure drop and
bed expansion, in good agreement with our results.

The gas—solids two-phase contacting operations can be
classified to several kinds of flow regimes, such as fixed
bed, bubbling fluidization, slugging fluidization, fast flu-
idization and turbulent fluidization, etc., each of the regimes
occurs over a definite range of gas velocities and gas and
solid properties. Grace (1986) gave a phase diagram by plot-
ting dimensionless gas velocity vs. dimensionless particle
diameter. The phase diagram showed that the spouted bed
regime occurred only in a very limited region. Many other
researchers obtained their phase diagrams by plotting bed
depth vs. gas velocity (Becker, 1961; Mathur and Epstein,
1974; Pallai and Nemeth, 1969) to represent the flow transi-
tions to the spouted bed regime. These studies showed that
there exist a minimum spouting velocity and a maximum
spouting velocity only between which stable spouting takes
place. Beyond this region, the stable spouting may be re-
placed by poor quality fluidization or directly transforms
from the quiescent to the aggregative fluidization state. As
discussed above, the use of the different drag models in the
CFD modeling of the spouted bed can bring about signifi-
cantly different predictions of drag force acting on particles,
similar to that arisen by increasing gas velocity, i.e., gas
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Fig. 5. Instantaneous particles concentration distribution at t = 8s (Gidaspow (1994) model).

momentum, which naturally leads to the transition of the
flow regime in the spouted bed.

4.3. Voidage profiles

Figs. 9-11 show the experimental and simulated voidage
distributions at different injecting gas velocities. In these
figures, z denotes the height from the bottom of the vessel.
Based on the previous discussion, only the results by the
Gidaspow (1994) model, the Arastoopour et al. (1990) model
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and the Syamlal and O’Brien (1988) model are chosen for
further discussion.

All the simulated voidage profiles show that in the spout,
the voidage decreases with the increasing bed height, illus-
trating a qualitative agreement with the experimental ten-
dency except in the higher part of the column, where the
maximum voidage does not appear at the axis. Both the ex-
perimental and simulated results reveal that there is a denser
particle concentration zone near the axis and a particle core
forms at the top of fountain. The quantitative comparisons
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Fig. 7. Instantaneous particles concentration distributions at r = 8s (Di Felice (1994) model).

further confirm that as long as spouting is established, all
drag models yield the predictions that are fairly in agree-
ment with experimental results except in the upper part of
the column. It is also found that the value of the voidage
in the annulus is a little bit higher than that of a loosely
packed bed, in agreement with those observed by He et al.
(1994a,b), but contrary to those experimentally witnessed by
the authors of the present investigation (Wang et al., 2000).

Because the momentum gained by the particles is equal
to that lost by the gas, the particles must obtain a certain
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velocity (terminal settling velocity) to reach up to the top
of the spouted bed. Lim and Mathur (1978) related n;, ,
the particle number at a given height in the spout, to solids
volume fraction by

n.=D}(1 —o)/dy. @.1)

From the experimental voidage profiles at U =0.594 m/s,
the integration-averaged porosity of the bed is about 0.69, or
the average solids fraction is about 0.31. At the initial spout-
ing point, the average solids fraction must be larger than
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0.31, thus the drag coefficients calculated by the different
models with the solids volume fraction ranging from about
0.3 to 0.35 would mainly account for the differences of the
minimum spouting velocities calculated, i.e., the higher the
drag coefficients are, the lower minimum spouting velocities
are, which is in good agreement with the previous discussion
on the quantitative analysis of drag models. As illustrated
in Fig. 2, when the solids fraction is in the range of 0.3 to
0.35, the Gidaspow (1994) model gives the highest drag co-
efficient and the Syamlal and O’Brien (1988) model gives
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the lowest, exactly reverse to the tendency of the minimum
spouting velocity calculated.

Lefroy and Davidson (1969) analyzed the particle mo-
mentum balance, and wrote the fluid-particle interaction co-
efficient as

Bu?Jog = (pg — pg)(1 — 2)g. “.2)

Based on the above equation and the previous quantitative
analyses, it can be deduced that a higher interaction coeffi-
cient could result in a higher voidage (lower solids volume



W. Du et al. / Chemical Engineering Science 61 (2006) 1401—1420

1411

1.0 1.0
09 09
08 08

@ 07 g o7}

3 3

S os S os

05 05}

0.4 0.4

03 i 'l A L L 03
0 10 20 30

Radial distance from spout axis (mm)
Experiment results

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Radial distance from spout axis (m)

Simulation results by Gidaspow
(1994) model

03
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Radial distance from spout axis (m)

Simulation results by Arastoopour
(1990) model

Fig. 10. Voidage profiles (U = 0.648 m/s).

fraction) and vice versa, which means that drag models af-
fect the prediction of voidage profiles through their effect
on interaction coefficient.

Another difference between the simulated and the experi-
mental results is that the experimentally observed high parti-
cle concentration zone, or the so-called spout wall occurring
near the interface between the spout and the annulus, cannot
be predicted by the simulation. This is because the solids
concentration in the spout wall is higher than the maximum
packing limit and thus cannot be simulated, as reported by
Huilin et al. (2004).

4.4. Particle velocity along the bed axis

As shown in Fig. 12, the simulated particle velocity pro-
files along the bed axis indicate that the particles are rapidly
accelerated to their maximum velocity at a height of about
0.06-0.07 m, slightly higher than the experimental results
which are about 0.05 m. At the higher height, at the first the
particles are gradually decelerated, and then their velocity is
sharply decreased to zero after they reach at the fountain re-
gion. Quantitatively, the simulated velocities are lower than
the experimental results when the voidage is approaching
to 1, although they qualitatively follow the same tendency.
The Gidaspow (1994) model gives the closest results to the
experimental data among all models.

He et al. (1994b) measured the particle velocities in the
fountain only at U/ Ups = 1.3 and found that the height for
the particle velocity to decrease to zero was about 0.7 m. By
the Gidaspow (1994) model, this height is about 0.6 m; and
by the Arastoopour et al. (1990) and Syamlal and O’Brien
(1988) models, this height is lower than 0.45 m. Because
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the latter two models overestimate the minimum spouting
velocity, thus at the gas velocity of 0.702m/s they predict
less excess of the spouting state over the initial spouting
state than the Gidaspow (1994) model.

4.5. Particle velocity in the spout

Figs. 13-15 are the radial distributions of particle veloc-
ities. In the spout, there exists a particle accelerating region
near the inlet of the bed and a decelerating region in the up-
per part of the bed. As shown in Figs. 1315, the particle
velocities have their maxima at the bed axis and decrease
to zero at the spout-annulus interface. Near the boundary
between the spout and the annulus, the measured particle
velocities vary in a complex way which is maybe caused
by the measurement error. Qualitatively speaking, the sim-
ulated particle velocity distributions are in good agreement
with those experimentally measured in spite of some quan-
titative differences. Although the Gidaspow (1994) model
gives the closest results to the experimental data among all
models, it is obvious that the differences between them are
large, unlike the quantitative agreement in computing the
minimum spouting velocity and the voidage profile.

From the point of view of the force balance, drag force
is the only accelerating force and the gravity is the main
decelerating force, therefore the drag models accounts for
the differences of the results. The Gidaspow (1994) model
gives the predictions of the lowest minimum spouting veloc-
ity, highest voidage fraction, and the highest particle veloc-
ity, which is thought to be reasonable from their coherence.
Thorley et al. (1959) made an analysis based on the parti-
cle force balance in the spout. For the n, particles defined
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by Eq. (4.1) at a given bed height, the force balance can be
expressed as (Thorley et al., 1959)

I 5 dngv) 1 21,
67{ oPs Frante nzipf(u —v) anpCD
1
- [nzgndf,(ps - pg)g] . 4.3)

After rearrangement, Eq. (4.3) can be reduced to

—? doig v2 de vdv
(1 —oy)dz D2dz dz

2
4dp  p, Ps
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The spout can be considered as three successive zones,
corresponding to the regions of the initial particle accelera-
tion (Zone I), the subsequent particle deceleration within bed
(Zone 1I), and the final deceleration in the fountain (Zone
IIT). Combined with the boundary conditions for each re-
gion, the equation can be simplified into

vdv 30, po—v? (=2 (p—py)e

I D (zone 1,
v dv? =806 mps _ (Zone 11)
25 dz Ps ’ ’
vav - d=%)(py—py8

e o , (Zone Ill).

(4.5)
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Fig. 12. Particle velocity along the axis.

In Zone I, the increasing drag coefficient results in in-
creasing particle velocity. In Zones II and III, the drag term
can be neglected as an approximation, the particle velocity
is related to that which is already increased in the end of
Zone 1.

4.6. Particle velocity in the annulus

The experimental and simulated particle velocity profiles
in the annulus are given in Figs. 16-18. Before discussion,
it should be pointed out that in these figures the downward
(negative) velocities in the annulus are plotted as positive
values for convenience. The experimental particle velocities
in the annulus have a nearly flat distribution in the cylindri-
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cal part of the column, obviously different from the simu-
lated particle velocities that increase to their maximum at
first and then decrease to zero at the wall. The particle veloc-
ities in the annulus increase with the decreasing bed height,
consistent with the experimental results. He et al. (1994,b)
thought that this was due to the solids cross-flow from the
annulus to the spout. Just like the computation of the parti-
cle velocity in the spout, here the Gidaspow (1994) model
also gives the higher predictions that are closer to the ex-
perimental results. At the height z =0.318 m (Figs. 17 and
18), the particle velocity measured is different from that
predicted by the Gidaspow (1994) model because the par-
ticles are in the fountain region, as the simulation results
indicate.
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The simulated particle velocities in both the spout and
the annulus are lower than those measured. Huilin et al.
(2004) showed the particle velocities in the spout were in
good agreement with the experimental data, but they did
not give the particle velocities in the annulus. By the DEM
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simulation, Kawaguchi et al. (2000) reported that the parti-
cle velocities in the spout agreed well with the experimental
results, but those in the annulus were much higher than the
experimental data. Limited by the computational capacity,
they employed larger particles to decrease the number of
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Fig. 15. Particle velocity in the spout (U =0.702m/s).

particles involved, but by the principle of similarity
(Glicksman, 1984), the similarity between the simula-
tion and the experimental systems could be no longer
satisfied.

Just like the influence of operating conditions on the
spouting behavior, the choice of drag models may greatly
alter the magnitude of the only-accelerating force drag and
thus can significantly affect the simulated flow patterns and
the distributions of local bed porosity and particle veloc-
ity. As shown by Grace (1986) for gas—solids fluidization
beds and by Mathur and Epstein (1974) for spouted beds,
the spouting is a so restricted phenomenon that even a
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slight change in operating conditions can result in flow
pattern transition, therefore careful attention should been
paid to the selection of drag models in simulating spouted
beds.

5. Conclusion

By incorporating several widely used drag models, in-
cluding Gidaspow (1994) model, the Syamlal and O’Brien
(1988) model, the Richardson and Zaki (1954) model, the
Di Felice (1994) model and the Arastoopour et al. (1990)
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Fig. 17. Particle velocity in the annulus (U = 0.648 m/s).

model, into the two-fluid model, their influences on the CFD
simulation of spouted beds are assessed. The resulting hy-
drodynamic properties are compared to the experimental re-
sults of He et al. (1994a,b). The simulation results by the five
different drag models show that the Gidaspow model (1994),
the Syamlal and O’Brien (1988) model, and the Arastoopour
et al. (1990) model can qualitatively predict the flow pattern,
voidage profiles, particle velocity profiles inside the spouted
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bed, with the Gidaspow (1994) model giving the best fits
to the experimental data. Since the drag force is the only
accelerating force acting on particles, thus the selection of
drag models make difference in the CFD simulation of the
spouted beds. The expressions of the exponent term oy in
the model equations cause the difference among them, es-
pecially in dense phase region that is most commonly en-
countered in spouted bed systems.
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Fig. 18. Particle velocity in the annulus (U =0.702m/s).

coefficient in the Syamlal and O’Brien
model

experimental constant in the Syamlal
equation

drag coefficient

coefficients in turbulence model
particle diameter, m

column diameter, m

orifice diameter, m

spout diameter, m

the coefficient of restitution of particles
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ratio of the falling velocity of a suspen-
sion to the terminal velocity of a single
particle

lift force, N

external body force, N

virtual mass force, N

gravitational constant, 9.81 m/s?
radial distribution function

packing bed height, m

turbulence quantities

turbulence quantities of gas phase
turbulence quantities of solid phase
diffusion coefficient, J kg‘l
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P4
Rt

Greek letters

%g
%g
s

Os, max

p

ﬁ Ergun

ﬁWen—Yu

&g

&s

TF,sg
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exponent in the Richardson and Zaki
model

particle number at a given height in the
spout

fluid pressure, N/m?

solid pressure, N/m2

Reynolds number

particle Reynolds number

Reynolds number based on particle ter-
minal velocity

coefficient in the Gibilaro model and
the Andrews and O’Rourke model
interaction force between phases, N
velocity ratio correction factors for
clustering effects

time, s

gas velocity, m/s

terminal velocity of a particle,m/s

gas velocity in x (axial) direction, m/s
gas velocity in y (radial) direction, m/s
superficial gas velocity, m/s

particle velocity, m/s

phase ¢ velocity, m/s

particle velocity fluctuation, m/s
particle volume, m>

empirical coefficient in the Di Felice
model

gas volume fraction

volume fraction of phase ¢

solids volume fraction

the maximum of solids volume fraction
fluid-particle interaction coefficient,
kg/m3s

fluid-particle interaction coefficient of
the Ergun equation, kg/m? s
fluid-particle interaction coefficient of
the Wen—Yu equation, kg/m?> s
turbulence dissipation rate, m? / 3
turbulence dissipation rate of gas
phase, m?/s3

turbulence dissipation rate of solid
phase, m?/s3

granular temperature, m? /s>

the solid bulk viscosity, Pas

gas viscosity, Pas

solid shear viscosity, Pas

turbulent viscosity, Pas

gas density, kg/m>

density if phase ¢, kg/m>

particle density, kg/m?

characteristic particle relaxation time
connected with inertial effects, s

127

Ts solid stress tensor, N/m?>

Tr.g characteristic time of the energetic tur-
bulent eddies, s

Tt sg Lagrangian integral time scale, s

7 Reynolds stress tensor, N/m?

Pgs switch function in the Gidaspow model

Iy g, 11, , influence of dispersed phases on con-
tinuous phase

Dy energy exchange between fluid or solid
phase, J

w correction factor of drag coefficient

Subscripts

8 gas

max maximum

4 particle

q phase

s solid

t terminal velocity

X axial direction

y radial direction
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The linkages between coking characteristics, colloidal stability, and molecular characteristics of petroleum
residue during thermal reaction were studied. First, the results reveal that the colloidal stability decreases
sharply during the coke-induction period and changes little after that. This observation proves that the colloidal
stability variation determines the coking characteristics of residue. Second, the asphaltene concentration increases
as reaction time progresses, reaches its maximum at the end of the coke-induction period, and then declines
thereafter. This result reveals that asphaltene aggregation happens when the colloidal stability of the residue
decreases to its limit and that the aggregated asphaltenes will transform into coke to abate the worsening of
the colloidal stability. Furthermore, the variation in fraction composition shows that the saturated solubility of
asphaltenes in residue decreases as the reaction goes on after the coke-induction period. Moreover, both the
VPO molecular-weight value and the mean dipole-moment value of asphaltenes show maxima at the end of
the coke-induction period, which reveals that asphaltenes with larger MW values and more polarity prefer to

aggregate and transform into coke.

1. Introduction

Petroleum residues are found to be colloidal systems, and
asphaltenes are considered to be the cores of them.!™¢ The
colloidal stability of petroleum residue plays an important role
in its coking characteristics during thermal reaction. Many
researchers pointed out that a decline in the colloidal stability
of the residue during thermal reaction would cause asphaltene
to aggregate and ultimately transform into coke.”® Wiehe” made
a detailed analysis about the asphaltene aggregation in residue.
Moreover, Rahimi at al.® had observed an asphaltene aggregating
phase in petroleum residue during thermal reaction just before
coking, which was a direct proof of this mechanism. Because
the colloidal stability of the residue is difficult to describe
quantitatively, there was no systematic report about the colloidal
stability variation in petroleum residue during thermal reaction.
There are few reports about the relationship between the
colloidal stability variation and coking characteristics. Particu-
larly, a report about the linkage between molecular character-
istics and the colloidal stability of the residue is absent. This
paper will focus on the two relationships.

P. Fotland®!? investigated asphaltene precipitation in crude
oil by the mass fraction normalized conductivity method and
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validated that the maximum of mass fraction normalized
conductivity when adding normal alkanes to crude oil is the
starting point of asphaltene precipitation.

If experimental conditions are fixed, the amount of normal
alkane needed to cause asphaltenes to aggregate is larger when
the residue sample is more stable. So the ratio of added normal
alkane to residue sample can be taken as the colloidal stability
parameter of the residue sample. This method was used to study
the variation in the colloidal stability of the residue during
thermal reaction, and the relationship between colloidal stability
and coking characteristics was studied as well.

The polarity of asphaltene molecules plays an important role
in the colloidal characteristics of the residue. Although petro-
leum residue contains polar molecules, which is accepted by
most researchers, there have been few reports about the dipole
moment values of petroleum residue molecules.!'~!* In this
study, residue samples are fractioned by liquid chromatography,
the mean dipole moment values of asphaltene were measured,
and the linkage between molecular characteristics and the
colloidal stability of the residue is discussed.

The relationship between colloidal stability and coking
characteristics of petroleum residue during thermal reaction were
studied. Furthermore, the fraction composition and the mean
dipole moment of asphaltenes were measured to reveal their
effect on the colloidal stability of the residue.

2. Experimental Section

Five kinds of atmosphere residues were studied, the boiling
points of which were more than 350 °C. The samples were
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Table 1. Properties of DGAR, MEAR, and THAR

properties (m%) DGAR  KLAR MEAR LHAR THAR
C 86.44 86.40 84.48 87.0 84.56
H 12.47 12.46 11.32 11.4 10.63
S 0.25 0.13 3.8 0.37 3.25
N 0.62 0.41 0.2 0.92 0.55
ash 0.014 0.085 0.018 0.049 0.050
oxygen 0.21 0.52 0.18 0.26 0.96

SARA Composition

saturate 52.6 50.4 37.2 29.2 28.1
aromatics 25.0 222 46.0 28.7 37.6
resin 21.8 27.2 14.2 40.3 17.4
Cy-asphaltene 0.6 0.2 2.6 1.8 16.9

DaGang AR (DGAR), Kalamayi AR (KAR), Middle East AR
(MEAR), LiaoHe AR (LHAR), and TaHe AR (THAR). Their
properties are shown in Table 1.

Thermal reactions were performed under nitrogen, and the
initial pressure was 1.0 MPa at 25 °C. During thermal reaction,
samples were collected at various times by immerging on-line
sampling equipment in the liquid. Through this sample collection
method, samples from the same autoclave reaction can be
compared. Because the critical temperature of light components
was lower than the reaction temperature, the components were
in the gaseous state under the reaction conditions and the boiling
points of the samples were higher than 250 °C. To study the
colloidal stability variation in samples collected at different
thermal reaction time, we studied the samples directly without
distillation, which included leaving the coke in them.

Separation Scheme. Every sample collected from the thermal
reaction was stirred to ensure equality and then divided into
three parts. The samples were separated in order to measure
the coke characteristics and colloidal stability parameters. The
coke content is defined as the mass percentage of toluene-
insoluble material.

The asphaltene was isolated by the addition of a 30:1 excess
of n-pentane to the residuum at room temperature. The suspen-
sion was heated to boil and filtered after cooling down. The
precipitate was extracted by n-pentane until the filtrate was
colorless. The n-pentane was removed from the maltene by
distillation; the maltene was then fractioned into five fractions
by liquid chromatography, which included saturates in addition
to light aromatics, heavy aromatics, light resins, middle resins,
and heavy resins."

The colloidal stability parameters were characterized through
the mass fraction normalized conductivity method.>!*16 The
stability of the residue samples decreased with the addition of
n-heptane, and the colloidal stability of the residue then
decreased and collapsed. So the ratio of added n-heptane to
residue sample can be taken as the colloidal stability parameter
of the residue sample. A Hewlett—Packard impedance analyzer
(HP4194A impedance/gain/phase analyzer) was used to measure
the conductivity of residue solutions. The employed frequency
was 1 kHz. The mass fraction normalized conductivity can then
be calculated from the dilution ratio and the conductivity of
residue solution.

The conductivity is measured at 35 &+ 0.1 °C. The conductiv-
ity of the residuum solution is measured after the addition of
approximately 3 mL of n-heptane and mixing for about 5 min.
The mass fraction normalized conductivity of the residue can
be calculated from the conductivity and dilution ratio of the
residue solution by formulas 1 and 2.

A =«k(1 + xp)
x=Vo/M

(M
@
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where A is the mass fraction normalized conductivity of
residuum (S/m), « the measured conductivity of residuum (S/
m), x the ratio of solvent to the weight of residuum (g/g), p the
density of solvent (0.685 g/cm?® for n-heptane), V the volume
of n-heptane added (cm?), and M the mass of the residue sample
(8).

Because the viscosity of the solution decreases as a result of
the dilution, the mass fraction normalized conductivity of the
residue sample does not decrease except when asphaltene
aggregation happens. The maximum of the mass fraction
normalized conductivity of the residue sample is a sign of
asphaltene aggregation. So the ratio of added n-heptane to
residue sample when asphaltene aggregation happens can be
taken as the colloidal stability parameter of the residue sample,
which is shown as formula 3.

P= MM, 3
where P is the colloidal stability parameter of the residue sample
(g/g), My the mass of added m-heptane to cause asphaltene
aggregation (g), and M, the mass of the residue sample (g).

The molecular weights of separated fractions from residue
or thermal samples were measured by a Knauer vapor pressure
osmometer at 45 °C, using benzene as the solvent.

In addition, the mean dipole moments of asphaltenes were
calculated by the method developed by Guggenheim and
Smith.!”!® They developed a method for gaining the apparent
polarization and dipole moment of a polar solute in a nonpolar
solvent by measuring the dielectric constant and refractive index
of the solutions. The formulas are as follows

o v
P, =3My - 4)
2 N, +27 )2 +27
0€,
= ow, (5)
Bn122
v= o, (6)

where wy is the weight fraction of solute, €;, the dielectric
permittivity of solution, n, the refractive index of solution, M,
the molecular weight of the solute, and »; the specific volume
of the solvent.

The fractions were diluted separately by benzene, which is a
nonpolar solvent. The dielectric permittivities and refractive
indexes of these solutions were measured. The dielectric
permittivity of the solutions was measured by using a HP4194A
analyzer. The refractive index of solutions was measured by
using a refractive meter. The mean dipole moment of fractions
could then be computed.

The relationship between coking characteristics and colloidal
stability variation of all five residua during thermal reaction
were studied, and three residua were selected to study the linkage
between molecular characteristics and the colloidal stability.

3. Results and Discussions

3.1. Relationship between Colloidal Stability Parameters
(CSP) Variation and Coking Characteristics. First, the
relationship between colloidal stability parameters (CSP) and
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Figure 1. Variation in CSP and coking characteristics of DGAR during
thermal reaction at 405 °C.
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Figure 2. Variation in CSP and coking characteristics of MEAR during
thermal reaction at 400 °C.
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Figure 3. Variation in CSP and coking characteristics of THAR during
thermal reaction at 400 °C.
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Figure 4. Variation in CSP and coking characteristics of LHAR during
thermal reaction at 400 °C.

coking characteristics during thermal reaction of DGAR, KAR,
MEAR, LHAR, and THAR were studied.

It can be seen in Figures 1—5 that there exists a coke-
induction period for all residue samples studied. For example,
they are 80 min for DGAR, 120 min for MEAR, and 80 min
for THAR. During this period, no coke formation is observed.
However, coke forms rapidly after that. On the contrary, for all
residue samples studied, the colloidal stability of the residue
samples decreases upon increasing thermal reaction time but
shows little dependence on it after the coke-induction period is
reached. This phenomenon reveals that the coking characteristics
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Figure 5. Variation in CSP and coking characteristics of KLAR during
thermal reaction at 400 °C.
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Figure 7. Composition variations in MEAR during thermal reaction.

of a residue are determined by its colloidal stability. As thermal
reaction progresses, the colloidal stability of the residue declines
to its utmost, and asphaltene solubility reaches the saturation
state. It could be inferred that the asphaltene aggregation
happens, and aggregated asphaltenes would ultimately transform
into coke.

3.2. Fraction Composition Variation of Residue during
Thermal Reaction. The colloidal stability variation of residue
came from the shift in fraction composition and the molecular
characteristics of every fraction. Wiehe” analyzed the SARA
(saturates, aromatics, resins, and asphaltenes) composition of
fractions during thermal reaction and found that the fraction
composition played an important role in the coking character-
istics of a residue. In this study, the toluene-soluble parts of
reacted residue samples were separated into n-pentane asphalt-
enes and n-pentane soluble maltenes. The composition variations
with thermal reaction time are shown in Figures 6—8.

It can be seen from Figures 6—8 that asphaltene concentration
in residue increases quickly during the coke-induction period,
reaches a maximum at the end of the coke-induction period,
and then decreases slowly during coke production. This
phenomenon proves that asphaltenes aggregate and transform
into coke at the end of the coke-induction period.
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Figure 8. Composition variations in THAR during thermal reaction.

Table 2. Molecular Weights of Fractions of DGAR during Thermal

Reaction
reaction time (min) Fl F2 F3 F4 F5 Cs-asp
DGAR 660 1020 1560 1680 1300 4740
40 470 1030 1110 940 1100 4800
80 440 750 920 650 780 5250
120 360 670 870 570 680 6580
160 350 600 930 1310 610 5050
Table 3. Molecular Weights of Fractions of MEAR during Thermal
Reaction
reaction time (min) F1 F2 F3 F4 F5 Cs-asp
MEAR 290 510 930 610 600 4610
40 290 470 580 570 570 4670
80 270 320 540 580 530 4170
100 270 320 450 480 540 3540
160 250 340 490 420 510 2050
Table 4. Molecular Weights of Fractions of THAR during Thermal
Reaction
reaction time (min) F1 F2 F3 F4 FS Cs-asp
THAR 400 510 960 570 1890 7700
40 450 330 590 460 580 16130
80 380 400 610 380 490 8930
120 350 380 470 380 490 6820
160 520 360 660 580 740 3520

The proportion of maltene decreases sharply during the coke-
induction period and decreases slowly after that. The enhance-
ment of asphaltenes and abatement of the maltene portion
deteriorate the colloidal stability of the residue samples. So the
colloidal stability of the residue decreases sharply during the
coke-induction period and changes little thereafter.

It can be concluded that the variation in asphaltenes and the
maltene proportion has an intrinsic relationship to the colloidal
stability variation. During the coke-induction period, the increase
in asphaltene content and decrease in maltene content caused
the colloidal stability to deteriorate and resulted in the saturation
of asphaltene. In other words, asphaltenes stay in the saturated
state after the coke-induction period. The excess of asphaltene
would aggregate and transform into coke. The decrease in
asphaltene content can ameliorate the colloidal stability of the
residue, so the colloidal stability parameter does not decrease
after the coke-induction period.

3.3. Molecular-Weight Variation in Fractions during
Thermal Reaction. During thermal reaction, the colloidal
stability variations come from the composition of the fractions
and their characteristics. The molecular-weight values are
important parameters for the characteristics of residue fractions.
The molecular-weight values of every fraction were measured
by the VPO method. The MW data of fractions at different
reaction times are shown in Tables 2—4.

First, for almost all the samples, the MW values of the
fractions of maltenes decrease as the reaction goes on. This
phenomenon comes from the thermolysis of residue molecules
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Table 5. Mean Dipole Moments of Residue Samples during
Thermal Reaction

reaction time (min)

0 40 80 100 120 160
DGAR u (Debye) 117 156 153 163 108
MEAR u (Debye) 143 164 129 124 9.7
THAR i (Debye) ~ 17.6 277 220 29 938

and the transformation of components. The downtrend of
saturate will pick up with the colloidal stability deterioration
as the thermal reaction progresses.

Second, the MW values of the asphaltenes increase at first,
reach a maximum at the end of the coke-induction period, and
then decrease as the reaction advances. During the coke-
induction period, the condensation and aggregation reactions
tend to increase the measured MW value of them. At the end
of the coke-induction period, the large molecules prefer to
aggregate and transform into coke, accompanied by a decrease
in the asphaltene MW value. The result is consistent with the
conclusion that asphaltenes having a larger conglomerating
tendency prefer to transform into coke.

Third, the variation in the MW values of the fractions is
consistent with the colloidal stability change. The fraction of
resin has an important protective ability to the asphaltene
fraction, and the protection ability is more prominent when the
difference between them is less. During the coke-induction
period, the uptrend of asphaltene MW and the downtrend of
resin MW would weaken the protection ability of resins, which
is consistent with the rapid deterioration of colloidal stability.
Furthermore, the downtrend of asphaltene MW and resin MW
is consistent with the slow deterioration of colloidal stability
after the coke-induction period.

3.4. Dipole Moment Variations of Fractions during
Thermal Reaction. The polarity of asphaltenes is closely related
to the colloidal stability of the residue samples. The mean dipole
moments of the asphaltenes were measured. The dipole moments
of asphaltenes are shown in Table 5.

Table 5 shows the variation in the mean dipole moments of
the asphaltenes during thermal reaction. For the three residues
studied, the mean dipole moments of the asphaltenes kept
increasing as the thermal reaction advanced; the dipole moments
then reached their maximum and decreased thereafter. The time
to gain the maximum is approximately equal to that of the coke-
induction period. This result reveals that the asphaltenes with
more polarity tend to aggregate and transform into coke, which
made the polarity of the asphaltenes kept in the residue decrease
after the coke-induction period.

As the polarity of the asphaltenes decreases, their solubility
should increase if the peptization ability of maltene was
unchanged. But the data in this research showed that the content
of asphaltenes decreased after the coke-induction period, which
illuminated that the peptization ability of maltene decreased or
that the compatibility between asphaltenes and maltenes declined
after the coke-induction period was reached.

4. Conclusions

The relationship between the colloidal stability variation and
the coking characteristics of petroleum during thermal reaction
was studied. The linkage between asphaltene molecular char-
acteristics and the colloidal stability of the residue was discussed.
The conclusions are as follows.

The colloidal stability of the residues decreases sharply during
the coke-induction period and changes little thereafter. This
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phenomenon reveals that the colloidal stability of the residue
has an intrinsic relationship to its coking characteristics.

Asphaltene concentration in the residue increased quickly
during the coke-induction period and reached a maximum at
the end of the coke-induction period. It can be concluded that
the variation in the asphaltene and maltene proportion has an
intrinsic relationship to the colloidal stability variation and that
the deterioration of colloidal stability will cause asphaltenes to
aggregate and transform into coke.

The MW values of asphaltenes reached their maximum at
the end of the coke-induction period, but MW values of resins
decreased as the thermal reaction continued. This phenomenon
revealed that the characteristics of residue influenced the
colloidal stability of the residue very much.

The mean dipole moments of asphaltenes reach their maxi-
mum at the end of the coke-induction period, which reveals
that the asphaltenes with more polarity preferentially aggregate
and transform into coke.

Generally, the linkage between molecular characteristics, the
colloidal stability variation, and the coking characteristics of
petroleum during thermal reaction can be described as follows.
As the thermal reaction occurs, the asphaltene concentration
increases and the maltene concentration decreases, which causes
the colloidal stability of the residue to deteriorate. At the same
time, the polarity of the asphaltene molecules increases, which
signifies a decrease in the colloidal stability of the residue. As
the colloidal stability of the residue decreases, the asphaltene
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concentration can be dispersed. When the colloidal stability of
the residue decreases to a critical value, the asphaltene solubility
limit will be exceeded. The excessive asphaltenes then aggregate
to form a second liquid phase and transform into coke thereafter.
This triggers the formation of coke at the end of the coke-
induction period and causes a decrease in the asphaltene
concentration from its maximum value. Because the asphaltene
molecules with more polarity prefer to aggregate and transform
into coke, the dipole moment of asphaltenes in the residue
decreases from its maximum value. Moreover, the colloidal
stability of the residue changes little thereafter, because the
concentration and polarity of the asphaltene molecules decrease
after the coke-induction period.
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New catalysts for deep hydrodesulfurization (HDS) of diesel oil were prepared by loading the active metal
components on the TiO,—SiO, composite supports, which were synthesized by a sol—gel and supercritical
fluid drying method. The HDS performance of the prepared catalysts for RFECC (resid fluid catalytic cracking)
diesel oils was evaluated in a fixed-bed reactor under different conditions. The major sulfur compounds in the
RFCC diesel oils are alkyl substituent benzothiophenes (BTs), dibenzothiophene (DBT), and alkyl substituent
dibenzothiophenes (DBTs), in which the alkyl DBTs with alkyl groups at the 4 and/or 6 positions, such as
4,6-DMDBT and 4-MDBT, are the refractory compounds. The effects of the catalyst properties on the HDS
performance for different sulfur compounds, especially the refractory compounds, in the diesel oils were studied.
It was found that the catalysts supported on TiO,—SiO, composites with higher ratios of Lewis acid sites and
with Ni—W active components presented better HDS performance for the alkyl DBTs. The HDS performance
of the catalysts for removing of alkyl DBTs can be further improved through increasing the concentration and
intensity of Lewis acid by adding F and P into the catalysts.

1. Introduction

Deep hydrodesulfurization (HDS) of diesel oil has attracted
much attention recently as the tolerated sulfur content in diesel
fuel will be gradually lowered, e.g., to 50 or 30 ug/g this year
in the U.S. and the European Union, and even to lower levels
in the near future according to more stringent environmental
legislation.!™ Such a low sulfur level is difficult to achieve
because of the alkyl benzothiophenes (DBTs), especially those
with one or two alkyl groups at the 4 and or 6 positions of
DBT, such as 4-MDBT and 4,6-DMDBT, which have been
considered to be the most refractory compounds and are hard
to remove due to the steric hindrance of the alkyl groups against
the interaction between the sulfur atom and the active sites on
the catalyst.>™!! So, the reaction mechanism and kinetics of
different kinds of sulfides have been studied in the past decades
by using thiophenic compounds as model compounds, through
which it is expected that some hints for developing more
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efficient HDS catalysts and optimizing the processing conditions
in deep HDS will be given.'?~'7 Many approaches have been
conducted to enhance the catalyst activity for deep HDS, and
some interesting results have been reported.'$~22 In the previous
work, TiO, SiO,, NH3—Y—zeolite, and some synthesized
composites, such as ZrO,—Si0,, ZrO,—Y;,03, and TiO>—AlO3,
have been applied as supports for HDS catalysts instead of the
Al,O3 support used in the commercial catalysts, such as Co—
Mo/Al,O3 and Ni—Mo/Al,03.423726 These studies offer some
guidance for developing the HDS catalysts, but it is difficult to
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for real diesel fuel as they used the model, where the sulfur
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Table 1. Metal Contents in Catalysts
catalysts NiW/TS-1 NiW/TS-4 CoMo/TS-1 CoMo/TS-4 NiW/ALO3
Content of Metal Component (wt %)

NiO 2.71 2.16 2.16
WO3 25.73 19.75 19.75
CoO 1.27 3.02
MoO3 12.38 14.21

In recent years’ investigations of the preparation and applica-
tion of the nanometer TiO,—SiO, composites, the present
authors found that the catalysts supported on these oxides
showed better performance for the HDS of petroleum fractions.!
In the present study, the authors examined further the effects
of the physicochemical properties of these catalysts and the
reaction conditions on removal of different sulfur compounds
in real diesel oils from resid fluid catalytic cracking (RFCC).
Since real diesel oils were used as the feedstock, the experi-
mental results can directly reflect the HDS performance of the
developed catalysts for the real feedstock and the provided
information is better for guiding the development of deep HDS
catalysts and for optimizing the processing conditions.

2. Experimental

2.1. Preparation of the Catalysts. Certain amounts of metal
Ni and W or Co and Mo were loaded by impregnation on the two
TiO,—SiO, composite supports, in which the atomic Ti/Si ratio
was | and 4, respectively, denoted as TS-1 and TS-4. After drying
at 120 °C for 4 h and calcining at 500 °C for 3 h, the catalysts,
NiW/TS-1, NiW/TS-4, CoMo/TS-1, and CoMo/TS-4, were ob-
tained. A traditional catalyst NiW/AL,O; provided by China National
Petroleum Corporation (CNPC) was chosen as a reference to
compare with the developed catalysts. The detailed metal contents
of the catalysts are listed in Table 1. The catalysts were presulfided
with 2 wt % CS, in cyclohexane at 300 °C and 4 MPa for 4 h
before test.

2.2. Catalysts Characterization. After deaerating at 1.3 KPa
and 200 °C for 4 h, the specific surface area and pore volume of
the catalysts were measured by using the American Micromeritics
ASAP-2400 instrument. The different types of acid sites (Bronsted
acid and Lewis acid) on the catalysts were analyzed by pyridine
adsorption using the Nicolet Magana 560 E.S.P Fourier transfrom
infrared (FTIR) instrument. The acid concentration and distribution
were evaluated by the NH;-TPD (temperature programmed de-
sorption) method using a TP-5000 instrument.

2.3. Evaluation of HDS Performance of Various Catalysts
for Real Diesel Oil. The evaluation of the various catalysts for the
HDS of real diesel oils was conducted in a continuous-flow
microreactor, which was made of steel alloy with a diameter of
8 mm and a catalyst bed volume of 2 mL. The feedstocks were
Daging RFCC diesel oil and Jinxi RFCC diesel oil, provided by
China National Petroleum Corporation (CNPC). The major proper-
ties and composition of the diesel oils are listed in Table 2. The
HDS reaction was carried out at a temperature of 320—360 °C, a
total pressure of 4—6 MPa, a liquid hour space velocity (LHSV)
of 1-2 h™!, and a hydrogen/oil ratio of 600 mL/mL. The hydro-
desulfurized oil was sampled periodically for analysis.

2.4. Analysis of the Concentration of Different Sulfur Com-
pounds in the Diesel Oils and Treated Diesel Oils. The total sulfur
content was analyzed by using an ANTEK7000NS instrument. A
gas chromatograph with a plus flame photometric detector (GC-
PFPD) was used to analyze the concentration of different types of
sulfur compounds, grouped as C,-BT, C;-BT, DBT, C;-DBT, C;-
DBT, and C;-DBT. The instrument was the SP3420 gas chromato-
gram with an HPS elastic quartz capillary column (30 m x 0.25
mm x 0.25 mm). The detector temperature was 280 °C, and the
column temperature was programmed at 40 °C for 2 min, 4 °C/
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Table 2. Properties of Jinxi RFCC Diesel Oil and Daqing RFCC

Diesel Oil

properties Jinxi RFCC Daqing RFCC
density (20 °C) (g/cm?) 0.8776 0.8716
viscosity (mm?/s) 4.1907 3.1707
solidifying point (°C) —4 —-20
distillation (°C)
initial boiling point 180 170
10% 215 198
30% 245 228
50% 279 258
70% 322 298
90% 360 354
95% >365 >365
sulfur (ug/g) 1377 831
nitrogen (ug/g) 1805 559
cetane number 33.0 26.5
aromatics (wt %) 53.1 59.7
monocyclic aromatics (wt %) 24.6 25.6
dicyclic aromatics (wt %) 239 28.2
tricyclic aromatics (wt %) 4.32 5.47
saturated hydrocarbons (wt %) 45.8 399
paraffin (wt %) 259 28.3
naphthene (wt %) 19.5 9.1
resin (wt %) 1.58 1.06

Table 3. Physicochemical Properties of Supports and Catalysts

samples B/L® surface area (m?/g) pore volume (mL/g)
NiW/TS-1 1.2 166 0.35
NiW/TS-4 0.7 201.5 0.41
CoMo/TS-1 0.5 126.3 0.23
CoMo/TS-4 0.3 120.5 0.21
TS-1 0.5 437.4 1.39
TS-4 0.3 309.5 0.55

@ The ratio of Bronsted acid sites to Lewis acid sites on the basis of
FTIR analysis.

min to 270 °C, and 270 °C for 5 min. In the sulfur quantitative
analysis by GC-PFPD, the nonlinear response of the PFPD was
considered, but the quenching effect was ignored.?

3. Results and Discussion

3.1. Type and Strength of Acid Sites on Catalysts. Table
3 lists the physicochemical properties and the ratios of Bronsted
acid sites to Lewis acid sites of the four HDS catalysts supported
on TS-1 and TS-4. As expected, the loading of metals reduced
the surface area of the catalysts. It is clear that the ratios of
Bronsted acid sites to Lewis acid sites on the catalysts supported
on TS-1 are higher than those on TS-4, regardless of the metal
components, which is consistent with the acidity character of
the supports. Table 4 lists the acid site concentration and
distribution on the supports and catalysts, which were obtained
by the NH3-TPD method. It was found that the total acid site
concentration of the support TS-1 (0.463 mmol/g) is larger than
that (0.395 mmol/g) of the support TS-4, which may be
attributed to the higher specific surface area of TS-1 than TS-
4, as shown in Table 3. Most of the acid sites on TS-1 and
TS-4 are medium in strength; this accounts for 61.2 and 75.9%
of the sites, respectively. After loading of Ni and W metals,
the acid distribution for catalyst NiW/TS-1 changed less, while
the concentration of the strong acid sites on NiW/TS-4 increased
obviously, from 0.011 mmol/g for TS-4 up to 0.183 mmol/g
for NiW/TS-4, indicating that the loading of Ni and W on TS-4
increases the concentration of the strong acid sites significantly.

3.2. Sulfur Compounds in the RFCC Diesel Oils. The GC-
PFPD chromatograms of Jinxi RFCC diesel oil and Daqing

(31) Zhou, Y.-S.; Fan, X.-H. Chem. J. Chin. Univ. 2003, 24, 1266—
1270.
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Table 4. Acidity Intensity and Distribution of Supports and Catalysts

distribution of

. acid (mmol/g) acid sites (%)
total acid size
samples (mmol/g) weak medium strong weak medium strong
NiW/TS-1 0.3436 0.13673 0.2068 39.81 60.19
NiW/TS-4 0.2666 0.0378 0.0461 0.1826 14.18 17.3 68.52
TS-1 0.4629 0.1797 0.2831 38.83 61.17
TS-4 0.3950 0.0844 0.2999 0.0106 21.37 75.94 2.69

Table 5. Sulfur Content for Each Group of Sulfur Compounds in
Jinxi and Daqing RFCC Diesel Oils

Table 6. HDS Conversion of Each Group of Sulfur Compounds in
Jinxi RFCC Diesel Oil”

S
(ug/g) BT Ci-BT Cp-BT C3-BT DBT C;-DBT C,-DBT C3-DBT
Jini 20 85 183 112 309 145 202 133
Daging 16 63 138 112 45 114 171 50

RFCC diesel oil are shown in Figure 1 and 2, respectively. Table
5 lists the sulfur concentration of different groups of the sulfur
compounds in the two oils according to the calculation on the
basis of the GC-PFPD chromatograms. It shows that the sulfur
compounds in Jinxi RFCC diesel oil and Daqing RFCC diesel
oil are similar. These sulfur compounds are BT, DBT, and their
alkyl-substituted derivatives, which can be grouped as C;-BT,
C,-BT, Cs-BT, DBT, C;-DBT, C,-DBT, and C;-DBT. Jinxi
RFCC diesel oil has a relatively higher concentration of the
C3-DBTs than Daqing RFCC diesel oil, because the former is
heavier than the latter, as shown in Table 2.

3.3. HDS Reactivity of Different Groups of Sulfur Com-
pounds in Diesel Oils. Table 6 lists the HDS conversion of
different groups of sulfur compounds in Jinxi RFCC diesel oil
over the different catalysts. The HDS was conducted at 360 °C

4-MDBT
DBT /
BT 4,6-DMDBT
e m .
20

0 10 30 40
Figure 1. GC-PFPD chromatogram of Jinxi RFCC diesel oil

M’
.
20

Rt (min)
Figure 2. GC-PFPD chromatogram of Daqing RFCC diesel oil

137

HDS (%)
S
compnd CoMo/TS-1 CoMo/TS-4 NiW/TS-1 NiW/TS-4 NiW/ Al,O3
C,-BT 95.8 90.7 98.0 92.4 89.6
C3-BT 95.6 91.4 97.6 92.3 90.4
DBT 98.5 97.6 99.1 98.5 95.7
C;-DBT 82.8 83.4 86.2 87.6 81.1
C,-DBT 70.3 79.2 77.2 85.2 78.5
C3-DBT 63.9 75.9 71.4 83.5 73.4

4 HDS conditions: 360 °C, 4.0 MPa, LHSV 2.0 1/h, and hydrogen/oil
ratio 600 mL/mL.

and 4.0 MPa with an LHSV of 2.0 1/h and a hydrogen/oil ratio
of 600 mL/mL. In a comparison of the reactivity of various
sulfur compound groups, it was found that C,-BT and C3-BT
groups exhibited similar reactivity, regardless the type of the
catalysts, indicating that the length and position of the alkyl
groups at benzothiophenes (BTs) have little influence on their
HDS reactivity. However, the alkyl DBTs showed quite different
conversion over the catalysts, changing from 64% for C3-DBT
to 98% for DBT over CoMo/TS-1, as listed in Table 6. This
implies that the number and the position of alkyl groups in DBTs
have a strong effect on their HDS reactivity, as reported in the
literature.!®!! In a comparison of the HDS conversion of alkyl
BTs and alkyl DBTs, the conversion of alkyl DBT is dramati-
cally lower than that of DBT and C,-BT. By comparing the
GC-PFPD chromatograms of the initial fuel and the treated fuel,
as shown in Figures 1 and 3, the above results can be explained
by the reasoning that the presence of alkyl groups at the 4 and/
or 6 positions of DBTs, such as 4-MDBT and 4,6-DMDBT,
has a tremendous restriction to the adsorption of the sulfur atom
on the active sites of the catalysts. The removal of such alkyl
DBTs becomes the bottleneck for production of ultra-low-sulfur
diesel oil. Therefore, the key to realize deep HDS of diesel oil
is to improve the HDS performance of the catalysts for such
alkyl DBTs.

erbep i VAT ey

10 20 30 40
Rt /min
Figure 3. GC-PFPD chromatogram of the hydrodesulfurized Jinxi
RFCC diesel oil over NiW/TS-4. HDS conditions: 360 °C, 4.0 MPa,
LHSV 2.0 1/h, and hydrogen/oil ratio 600 mL/mL.
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Table 7. HDS Conversion of Each Group of Sulfur Compounds
Over Catalysts Modified by Adding F*

Zhang et al.

Table 8. Acid Characteristics of Catalysts Modified
by Adding F and P

HDS (%)
sulfur
compound NiW/TS-4 NiW/2F-TS-4 NiW/3F-TS-4 NiW/4F-TS-4
Cy-BT 97.1 95.1 96.9 98.4
C3-BT 97.1 96.9 97.3 98.2
DBT 98.9 99.3 99.4 99.7
C,-DBT 81.4 88.3 88.3 89.7
C,-DBT 65.4 79.2 78.7 81.7
C3-DBT 51.1 63.9 65.4 69.9

@ HDS conditions: 360 °C, 4.0 MPa, LHSV 2.0 1/h, and hydrogen/oil
ratio 600 mL/mL.

3.4. Effect of the Active Metal Component and Support
on HDS of Different Sulfur Compounds. In a comparison of
the loaded metals, as listed in Table 6, it was found that NiW
was more active than CoMo, regardless of the support, especially
for removal of the alkyl DBTs (C;-DBT, C,-DBT, and C3-DBT).
This may be ascribed to the fact that NiW/TS-1 and NiW/TS-4
have higher surface areas than CoMo/TS-1 and CoMo/TS-4 and/
or the fact that NiW has higher hydrogenation activity than
CoMo. In a comparison of the support, it was interesting that
for the alkyl BTs and DBT the activity of the catalysts with
different supports increased in the order Al,O; < TS-4 < TS-
1. However, for the alkyl DBTs, the catalysts with a TS-4
support (NiW/TS-4 and CoMo/TS-4) had significantly higher
activity than others. This indicates that the catalysts supported
on TS materials show better HDS performance in comparison
with the traditional catalyst NiW/Al,O3 and that TS-4 support
improves significantly the HDS performance of the catalysts
for the refractory sulfur compounds. Such results might be
explained by the different acidity features of the supports and
catalysts. As shown in Tables 3 and 4, NiW/TS-4 has a relatively
lower ratio of Bronsted acid sites to Lewis acid sites and has
more strong acid sites than NiW/TS-1, although the total acid
sites on the former is less than that of the latter. This indicates
that more Lewis acid sites and more strong acid sites may favor
the HDS of the alkyl DBTs, while more Bronsted acid sites
and more weak and medium acid sites may benefit the HDS of
the alkyl BTs.

In order to remove alkyl DBTs with steric hindrance, the
aromatic cycle in these molecules must be hydrogenated to form
torsional naphthene or rotary paraffin, which will decreases the
steric hindrance toward the interaction between the sulfur atoms
and the active sites on the catalysts. The catalysts supported on
TS-4 have relatively large amounts of strong Lewis acid sites,
which may be a benefit for such hydrogenation, resulting in
better HDS performance. Thus, it is clear that removal of the
substituent DBTs is the key for producing the ultra-low-sulfur
diesel oil. The influence of the metal composition and acidity
of supports on the catalyst performance should be considered
in the design and development of the catalysts.

3.5. Effect of F and P Modification on the HDS of Differ-
ent Sulfur Compounds. Adding acidic components, such as

acid (umol/g)
B L
sample 200 °C 350 °C 200 °C 350 °C
TS-4 254 0.0 77.4 13.1
2F-TS-4 45.8 0.0 192.9 429
3F-TS-4 254 0.0 151.2 23.8
4F-TS-4 27.1 0.0 152.4 28.6
2P-TS-4 424 0.0 185.7 34.5
3P-TS-4 22.0 0.0 145.2 21.4
4P-TS-4 22.0 0.0 147.6 22.6
5P-TS-4 254 0.0 164.3 27.4

the elements F or P, into the catalysts is a simple way to increase
the Lewis acid concentration of catalysts. In the present study,
modification of the HDS catalyst by adding F and P was con-
ducted. The modified catalysts were labeled as NiW/nX-TS-4,
where X was the element F or P and » was the weight percentage
of F or P in the support. Table 7 lists the HDS results of Jinxi
RFCC diesel oil over the catalysts modified by adding different
percentages of F. The HDS was performed at 320 °C and 4.0
MPa with an LHSV of 2.0 1/h. The hydrogen/oil ratio was 600
mL/mL. The results showed that the catalysts modified by F
had significantly better HDS performance for C,-DBTs than
the unmodified catalysts. The concentration of strong Lewis acid
sites on the catalysts modified by adding F was enhanced
significantly, as shown in Table 8. These results explain why
the NiW/nF-TS-4 showed better HDS performance than NiW/
TS-4, which is in agreement with the foregoing discussion about
the relationship between the acidity type and HDS performance
of the catalysts.

Table 9 lists the HDS results of Jinxi RFCC diesel oil over
the catalysts modified by adding P. The HDS was conducted at
320 °C and 4.0 MPa with an LHSV of 2.0 1/h and a hydrogen/
oil ratio of 600 mL/mL. The results also show that modification
by adding P plays an important role in improving the perfor-
mance of the catalysts for converting C,-DBTs. The results
further prove that the increase in Lewis acid concentration on
catalysts favors the HDS of alkyl DBTs.

The HDS conversions for Jinxi RFCC diesel oil over the
catalysts modified by F and P, respectively, as a function of
the reaction time are shown in Figures 4 and 5. These show
that the activity of the catalysts decreased obviously with
increasing reaction time. This phenomenon may be contributed
to (1) the loss of F and P in the catalyst within the reaction
process, resulting in the decrease of HDS catalytic activity and
(2) the polymerization and carbonization of some active
compounds, such as olefin and/or polycyclic aromatics, coexist-
ing in the RFCC diesel oil in the presence of the strong acid
sites, which deactivate the catalyst. In order to find which factor
is more responsible for the deactivation of the catalyst, the HDS
of BT in n-heptane with 1000 g/g sulfur content was performed
under the same reaction conditions. The results are shown in
Figure 6. If the deactivation of the catalyst was due to the loss

Table 9. HDS Conversion of Each Group of Sulfur Compounds Over Catalysts Modified by Adding P*

HDS (%)
sulfur compound NiW/TS-4 NiW/2P-TS-4 NiW/3P-TS-4 NiW/4P-TS-4 NiW/5P-TS-4
C,-BT 97.1 97.7 95.6 96.6 98.2
C3-BT 97.1 97.7 96.1 96.9 98.7
DBT 98.9 99.4 99.3 99.3 99.6
C,-DBT 81.4 86.2 85.8 85.8 91.0
C,-DBT 65.4 72.3 75.2 76.2 84.2
C;-DBT 51.1 59.4 66.2 69.9 77.4

4 HDS conditions: 360 °C, 4.0 MPa, LHSV 2.0 1/h, and hydrogen/oil ratio 600 mL/mL.
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Figure 4. HDS conversion of Jinxi RFCC diesel oil over the catalysts
modified by adding F as a function of reaction time. HDS conditions:
360 °C, 4.0 MPa, LHSV 2.0 1/h, and hydrogen/oil ratio 600 mL/mL.
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Figure 6. HDS conversion of BT in n-heptane over the modified
catalysts as a function of reaction time. HDS conditions: 360 °C, 4.0
MPa, LHSV 2.0 1/h, and hydrogen/oil ratio 600 mL/mL.

Table 10. Effect of Temperature on the HDS of Different Groups of
Sulfur Compounds®
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Figure 5. HDS conversion of Jinxi RFCC diesel oil over the catalysts
modified by adding P as a function of reaction time. HDS conditions:
360 °C, 4.0 MPa, LHSV 2.0 1/h, and hydrogen/oil ratio 600 mL/mL.

of F and P within the reaction process, the same result should
be found for the HDS of BT in n-heptane. However, the figure
shows that the activity of the catalyst for the HDS of BT in
n-heptane was stable with increasing reaction time. This
indicates that the main reason for the deactivation of the catalyst
was not due to the loss of F and P in the catalyst but, more
likely, to the polymerization and/or carbonization of the
coexisting olefin and polycyclic aromatics at the strong acid
sites of the catalyst surface.

3.6. Effect of Reaction Conditions on the HDS of Different
Sulfur Compounds. The reaction conditions have different
effects on various reactions such as desulfurization, hydrogena-
tion, and cracking, which occur in the RFCC HDS process. As
the HDS reaction is exothermal, the equilibrium conversion of
the sulfur compounds decreases with increasing reaction tem-
perature on the basis of the thermodynamic principle, but the
reaction rate is accelerated at higher temperatures according to
the kinetic theory. The effect of the reaction conditions,
including temperature, pressure, and LHSV, on the HDS of real
RFCC diesel oil was also examined in the present study.

Table 10 shows the sulfur content for different groups of
sulfur compounds in Jinxi RFCC diesel oil hydrodesulfurised
over NiW/TS-4 at a pressure of 4.0 MPa, an LHSV of 2.0 1/h,
a hydrogen/oil ratio of 600 mL/mL, and temperatures of 320
and 360 °C, respectively. The results show that the higher
reaction temperature favors the conversion of the alkyl DBTs,
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content (ug/g)
sulfur compounds feedstock 320 °C 360 °C
C2-BT 183 7.5 9.9
C3-BT 112 4.4 6.9
DBT 309 2.7 3.6
C1-DBT 145 16 14
C2-DBT 202 36 25
C3-DBT 133 34 15

“HDS conditions: 4.0 MPa, LHSV 2.0 1/h, and hydrogen/oil ratio
600 mL/mL.

while the alkyl BTs and DBT are easily converted even at lower
reaction temperatures. This result can be explained by the
following two aspects: (1) There is a big difference in the
reactivity and activation energy of the sulfur compounds.!-11:3334
The conversion of the refractory sulfur compounds can be
increased more significantly by increasing the temperature, as
they have a higher activation energy. (2) The acidity properties
of catalysts are also influenced by temperature. The Bronsted
acid sites of TiO,—SiO, composite oxides originate from the
surface hydroxyl, which are reduced by dehydroxylation under
higher temperature. Thus, the high temperature causes a decrease
of the total number of Bronsted acid sites on the catalyst,
resulting in poorer performance for removal of alkyl BTs and
DBT. Consequently, the increase in temperature leads to a
significant increase of HDS conversion of the alkyl DBTs and
a slight decrease in the HDS conversion of the alkyl BTs.

In order to improve the approachability of the sulfur atoms
to the active sites on catalysts in the HDS of alkyl DBTs, the
key is to weaken the steric hindrance of the alkyl groups at the
4 and/or 6 positions. One of the ways is to increase the saturation
degree of the aromatic ring through hydrogenation. On the basis
of both the kinetic theory and thermodynamics, the increase in
pressure favors the hydrogenation reaction. Thus, the increase
in the pressure should result in an increase of HDS conversion,
especially for the alkyl DBTs. Table 11 lists the concentrations
of the different groups of sulfur compounds in the treated Jinxi
RFCC diesel oil on NiW/TS-4 at different pressures. The
reaction was conducted at 320 °C with an LHSV of 2.0 1/h
and a hydrogen /oil ratio of 600 mL/mL. As expected, the
increase in the pressure reduced the alkyl DBTs significantly.

(33) Bataille, F.; Lemberton, J.-L.; Michaud, P.; Perot, G.; Vrinat, M.;
Lemaire, M.; Schulz, E.; Breysse, M.; Kasztelank, S. J. Catal. 2000, 191,
409—422.

(34) Orozco, E. O.; Vrinat, M. Appl. Catal. A 1998, 170, 195—206.
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Table 11. Effect of Pressure on the HDS of Different Groups of
Sulfur Compounds®

content (ug/g)
sulfur compounds feedstock 4.0 MPa 6.0 MPa
C2-BT 183 52 7.5
C3-BT 112 32 4.4
DBT 309 35 2.7
C1-DBT 145 27 16
C2-DBT 202 70 36
C3-DBT 133 65 34

“HDS conditions: 360 °C, LHSV 2.0 1/h, and hydrogen/oil ratio
600 mL/mL.

Table 12. Effect of LHSV on the HDS of Different Groups of Sulfur

Compounds”
content (ug/g)
sulfur compounds feedstock 2.0 1/h 1.0 1/h
C2-BT 183 52 10
C3-BT 112 3.2 6.1
DBT 309 3.5 4.5
C1-DBT 145 27 18
C2-DBT 202 70 31
C3-DBT 133 65 19

@ Reaction conditions: pressure 4.0 MPa, temperature 320 °C, and Hy/
oil ratio 600 mL/mL.

Table 13. Hydrodesulfurization of Different Sulfur Compounds in
Daqing RFCC Diesel”

NiW/TS-4 NiW/TS-1
sulfur content (ug/g) feedstock 360°C 320°C 360°C 320°C

C,-BT 138 1.0 1.4
C;3-BT 112 22 1.0 2.9 1.7
DBT 45 1.0 1.4 1.1 2.5
Ci-DBT 114 3.1 5.5 3.8 9.9
C,-DBT 171 6.1 14 7.8 19
C3-DBT 50 2.4 7.4 3.4 14

@ Reaction conditions: pressure 6.0 MPa, LHSV 1.0 1/h, and Hy/oil ratio
600 mL/mL.

The effect of LHSV on the HDS of different sulfur com-
pounds was also examined at 320 °C and 4.0 MPa with a
hydrogen/oil ratio of 600 mL/mL. Table 12 lists the changes in
the sulfur concentration for different sulfur compounds in the
treated Jinxi RFCC diesel oil on NiW/TS-4 at LHSVs of 2.0
and 1.0 1/h, respectively. The results show that a lower LHSV
increases the conversion of the alkyl DBTs.

3.7. Effect of the Composition of Diesel Oils on the HDS
Performance. The sulfur content and distribution in the two
RFCC diesel oils are different, as shown in Table 5, which may
influence the HDS performances of the catalysts. Table 13
shows the sulfur content for different sulfur compounds in the
hydrodesulfurised Daqing RFCC diesel oil. By a comparison
of Tables 10 and 13, it is found that the concentrations of the
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remaining sulfur compounds, especially alkyl DBTs, in the
treated Daqing RFCC diesel oil are much less than those in the
treated Jinxi RFCC diesel oil. One of the major reasons may
be that Daqing RFCC diesel oil contains less sulfur compounds,
especially the less heavy sulfur compounds, such as C3-DBTs,
than Jinxi RFCC diesel oil.

The experimental results in Table 13 also show that the
catalyst supported on TS-4 has better HDS performance for the
HDS of the alkyl DBTs than the catalyst supported on TS-1,
which is in agreement with the results for the HDS of Jinxi
RFCC diesel oil (see Table 6).

4. Conclusions

(1) The major sulfur compounds in RFCC diesel oils are the
BT, DBT, and alkyl-substituted derivatives. There are some
differences in the distribution of sulfur compounds in diesel
oils from different sources, which may result in the different
HDS reactivity.

(2) Among the sulfur compounds in RFCC diesel oils, DBT
and alkyl BTs are easily removed, while alkyl DBTs, especially
those with one or two alkyl groups at the 4 and/or 6 positions,
are more different to remove from diesel oil, which becomes
the main barrier in the deep HDS of diesel oil.

(3) The developed catalysts with Ni and W active metals on
TiO,—Si0; have better HDS performance than those with Co
and Mo active metals on the same support. The catalysts
supported on TS-1 with relatively larger amounts of Bronsted
acid sites and with more weak and medium acid sites have better
HDS performances for alkyl BTs and DBT, while the catalysts
supported on TS-4 with relatively larger amounts of Lewis acid
sites and with more strong acid sites show better HDS
performance for alkyl DBTs.

(4) The HDS performance of the catalysts for alkyl DBTs
can be enhanced through increasing the concentration and
intensity of Lewis acid sites by adding F or P into the catalysts.
However, the stability of such catalysts is reduced in the HDS
process of RFCC diesel oil due to the presence of the strong
acid sites on the catalyst surface, which accelerate polymeri-
zation and carbon deposition on the catalyst surface, resulting
in deactivation of the catalysts.

(5) Under the studied reaction conditions, the HDS conversion
of alkyl DBTs in the RFCC diesel oil over NiW/TS-4 can be
increased through increasing the temperature, raising the pres-
sure, and/or reducing the LHSV.
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Abstract

To investigate how the superfine particles disperse in the polymers, the paper presented the preparation of monodis-
perse silica particles by Stober method, and then grafted by y-methacrylic propyl trimethoxysilane (MPS) as a coupling
agent. Using these modified particles, the more stable silica—PS superfine composite particles with higher monodisper-
sity than these of previous reports are prepared and reported through dispersion polymerization (DP) method, whose
morphology is investigated with transmission electron microscope (TEM). Their high stability is provided from the
bonding of C=C groups of MPS to the silanol groups on the surface of silica particles from FTIR.

Using this DP process, the influence of different size grafted silica particles on the morphology, polystyrene (PS)
encapsulation behavior and the distribution in these composite particles have been investigated. When the grafted silica
size is in nanoscale or less than 54 nm, the spherical shape of neither silica particles nor their composite particles is reg-
ular, but they can homogeneously disperse in polystyrene. As the size (d,) of grafted silica particles increase to submi-
crometer (or 100 nm < d,, < 1000 nm), their coefficient variance of size distribution (C,) ranges from only 9.0% to 1.5%.
These obtained particles are completely encapsulated by PS with more regular shape, and have their C, below 7%.
When the size of silica particles reaches 380 nm, their C, obviously reduces to 2.5%, and specially, the number of grafted
silica particles approaches to one in each of the composite particles. But, when the silica size reaches 602 nm, PS can
hardly encapsulate grafted silica particles and free silica particles appear in reactive system.

Furthermore, using the silica particles of 380 nm, a series of core—shell structured superfine composite particles of
640-1100 nm with C, lower than 11% are obtained. Under the set conditions, the preparing factors on these composite
particles using 380 nm grafted silica particles is discussed, and the best reaction condition for the well-dispersed and
regular periphery silica—PS composite particles is optimized as, the additions amounts of PVP, styrene, AIBN, grafted
SiO, and H,O are 0.23 mmol L™, 0.60 mol L', 6.10mmol L™", 0.10 mol L' and 5.50 mL, respectively. Under this
case, the composite particles can be prepared with C, below 8%.

At last, these composite particles are mixed with poly(ethylene terephthalate) (PET) to investigate their nucleation
effect. Results show that all different size particles can promote PET’s crystallization and enhance the crystallization
rate, and PET’s crystallization temperature (7},.) is obviously enhanced from 193 to 205 °C through differential scan-
ning calorimetry (DSC). It is strongly suggested that different silica size level all play nucleation role in PET, and thus
explain the nucleation effect of multiscale inorganic particles.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Superfine inorganic particles now have been applied
to petroleum engineering for stabilizing the emulsion,
and petrochemical polymer materials for creating the
high performance composite materials [1-10]. In these
applications, the dispersion behavior of the particles
greatly affect the properties of inorganic-polymer com-
posite materials due to their high surface energy and
easy agglomeration, bad compatibility with polymer
matrix and inhomogeneous dispersibility in them. Thus,
the key factors preparing the inorganic-polymer com-
posite materials lies in solving the disperse problem of
inorganic phase in polymer matrix. Several methods
have been used to prevent inorganic particles of nano-
scale from agglomerating [1-8], in which the most pop-
ular way is to treat the inorganic phase through
organic molecules such as surfactant. However, directly
mixing the treated inorganic nanoscale particles with
polymer still leads to significant agglomeration. Thus,
the layered silicates are suggested as the precursor pre-
paring the polymer based nanocomposites through a
new way called intercalation polymerization technology
(IPT) [1,2]. Generally, the layer gallery [11] of 1 nm in
this layered silicate is provided as a space for monomers
intercalating. Finally, the monomers will polymerize in
the space once initiated under polymerization condition.
Meanwhile, the original micronmeter-sized particles of
the layered silicate is delaminated or exfoliated into
nanoscale layers and in situ dispersed in the polymer
matrix. This dispersing method thus has attracted much
attention [12]. By the IPT method, the polyester-layered
silicate nanocomposites (NPET) are successfully pre-
pared with the exfoliated layers of homogeneous disper-
sion [1,2], and higher crystallization behavior, e.g., more
enhanced heat distortion temperature than their pure
counterpart.

While, these effects introduced from layered silicates
are related to multiple scale effect of exfoliated layers
and/or polymer’s double melting behavior [13]. So far,
the relationship between the multiscale effects of layers
and multiple melting crystallization behavior for a poly-
mer is not established because of its high difficulty.
Therefore, using the single scale or monodisperse silica
particles as the nucleation or crystallization centers of
polymers should provide a proper way to get insight
of these behavior.

As for the monodisperse particles, they have many
applications to fields such as, separating the mixtures
in the chromatographical column as the solid fillers,
standard calibration, photonic crystals, biomedical
examinations, etc. [14-16]. Their composite particles
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through encapsulating the inorganic particles with poly-
mers offer good dispersibility of inorganic particles in
organic media, enhancing the stability of its final prod-
uct [17-19], facilitating their storage or transport behav-
ior [20,21], and providing many potential applications in
adhesives, textiles, optics and electronics [22,23].

The monodisperse composite particles are prepared
by the most traditional method of an emulsion polymer-
ization (EP) in the presence of inorganic particles
[24,25]. Ding et al. prepared monodisperse silica—PS
composite particles with core-shell structure by in situ
EP of styrene on the surface of silica nanoparticles
grafted with the oleic acid [24]. In the produced coating,
the C=C bonds of oleic acid are covalently attached to
silanol groups at the surface of nanosized silica, the
coating layer thickness can be altered by the amount
of styrene and the diameters of composite particles be
controlled by the amount of grafted silica. Zhang et al.
have successfully prepared different size monodispersed
silica-PS core-shell microspheres with different cores
by EP and found their monodispersity and diameters de-
pend on the concentration of emulsifier and the size of
silica nanoparticles grafted with MPS [25]. On the other
hand, Gu et al. have synthesized silica-PS core-shell
particles with micron sizes through soap-free emulsion
polymerization of styrene initiated with the ionic initia-
tor KPS, the methacryloxypropyltrimethoxysilane as a
coupling reagent and NaSS as the stabilizer [26]. They
demonstrated that the shell thickness of composite par-
ticles changed as styrene concentration and the size of
silica particles in submicron and micron scale. Although
the EP can conveniently prepare the monodisperse core—
shell silica-PS composite particles, the emulsion system
easily bring about polluting environment due to the exis-
tence of emulsifier. Therefore, more attention was paid
to dispersion polymerization (DP) preparing fine
particles.

So far, the preparation of the core-shell inorganic-
polymer composite particles through DP has a few
reports [5-8,27,28]. In this DP process, the monomer,
stabilizer and initiator are dissolved in reaction medium
forming homogeneous mixture prior to reaction. Then,
polymeric particles will deposit from reaction medium
by means of stabilizer when the polymeric chain exceed
the critical chain length [29,30]. More recently, DP meth-
od is mainly used to prepare micron-sized particles or
monodisperse microspheres [31], and prepare inorgan-
ics-polymer composite particles [5-8,27,28,32]. Lascelles
et al. described the influence of synthesis parameters on
the formation of silica—polypyrrole nanocomposites
[32]. Bourgeat-Lami et al. reported the preparation
of silica-PS composite particles in an ethanol-water
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medium in the presence of grafted silica nanoparticles [6—
8]. They both demonstrated that if silica particles are
only modified with MPS, PS can successfully encapsulate
silica particles, and concluded that these composite par-
ticles contain a great number of silica particles with their
diameter less than 120 nm. Under the same polymeriza-
tion conditions, only a small number of silica particles
encapsulated in each composite particle, or close to one
in some cases can be obtained when the silica particle size
is up to 450 nm. This size may determine the shape and
dispersion behavior of the composite particles. Neverthe-
less, their obtained composite particles have still high
coefficient variance of C,.

This paper prepared the silica—PS composite particles
by DP method in an ethanol-water medium at the pres-
ence of grafted silica particles. Monodisperse silica par-
ticles are modified with a coupling agent of MPS. It
dealt with how reactive conditions including the size
and concentration of silica, and the amount of styrene,
initiator, stabilizer and water, affect the monodisperse
and morphology of silica—PS composite particles. The
optimized conditions for silica—PS composite particles
with regularly shaped periphery are presented. Thus,
the paper first found that the critical size of silica for
well-dispersed silica-PS composite particles with regu-
larly shaped periphery is 380 nm, while nanosilica parti-
cles such as 32 or 54 nm cannot obtain the monodisperse
composite particles under the same reaction conditions
as above.

Finally, the paper reported a new composite material
of these monodisperse composite particles with PET,
which showed an interesting and practical nucleation
effect.

2. Experiment and characterization
2.1. Materials

Absolute ethanol (99.5%) and ammonia (NHj3, 25%
aqueous solution) were purchased from Beijing YILI
Fine Chemical Co., Ltd and used as received. Tetraethyl
orthosilicate (Si(OC,Hs),, TEOS) was obtained from
Beijing Bei Hua Fine Chemical Co., Ltd and distilled
ahead of preparation of silica. The coupling agent,
v-methacrylic propyl trimethoxysilane (MPS) was pur-
chased from Beijing Shenda Fine Chemical Co., Ltd
and used as received. The initiator, 2,2'-azobis (isobuty-
ronitrile) (AIBN) was purchased from Shanghai No. 4
Reagent & H.V. Chemical Co., Ltd and recrystallized
from ethanol. The monomer, styrene (St), and the stabi-
lizer, poly(N-vinyl pyrrolidone) (PVP) were purchased
from Beijing chemical reagents company. Styrene was
distilled under reduced pressure prior to DP and PVP
was use without further purification. PET was obtained
from Liaoyang Petrochemical Company, China, and the
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intrinsic viscosity of PET in phenol-o-dichlorobenzene
mixture (60:40) at 25 °C is 0.650 dL/g.

2.2. Preparation

2.2.1. Preparation of silica particles

Silica particles in the present of aqueous alcohol were
prepared according to the Stober method [33] that the
mixture of water, ammonia and ethanol was mixed with
the solution of TEOS in a 500 mL Erlenmeyer flask,
then the reaction mixture was stirred at ambient temper-
ature for several hours. Consequently, monodisperse sil-
ica particles with size from 32 to 602 nm are presented
for the further experiment.

2.2.2. Preparation of grafted silica particles and silica—PS
composite particles

In this experiment, grafted silica particles and silica—
PS composite particles were prepared by two-step
methods. Firstly, silica particles were added into an
ethanol-water medium in a 250 mL four-necked flask
equipped with a condenser. MPS was introduced and
ammonia was added a few drops. Here, a typical molar
ratio of MPS and silica particles is 1:18. The reaction
went on in a nitrogen atmosphere under stirring for
12 h at 50 °C. At the end of modification reaction, some
of grafted silica particles were taken out for character-
ization of TEM and FTIR. Secondly, poly(N-vinyl pyr-
rolidone) (PVP) and the styrene containing the initiator
(AIBN) were introduced into the flask. The reaction car-
ried out in a nitrogen atmosphere under stirring for 12 h
at 75 °C. The resulting particles were centrifuged two
times in ethanol, and composite particles were obtained.

2.2.3. The melting mixture of silica—PS composite
particles with PET

After silica-PS composite particles were washed with
toluene to remove free PS and dried, they were sufficiently
mixed with PET powder by ball mill to obtain the new
composite materials (SNPET). SNPET were pressed into
films with 0.1 mm thickness by tablet machine at 275 °C
and quenched in the ice-water mixture to form amor-
phous samples. Films quenched were dried under vacuum
at room temperature for 24 h before DSC scanning.

2.3. Characterization

The diameter and morphology of the silica particles
and silica-PS composite particles were investigated by
transmission electron microscopy (TEM). TEM was car-
ried out with H-800 operated at 150 kV. The samples of
the grafted silica and un-grafted silica particles for mea-
surements were prepared through washing with ethanol
and drying, finally examined with FT-IR (Magan-ar560)
through compressing with KBr powder. The analysis of
DSC (NETZSCH DSC 204 F1 Phoenix) was carried out
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in the temperature range from 25 to 300 °C. The com-
posite material was heated from 25 to 300 °C with a rate
of 10.0 °C min~" and then held at 300 °C for 2 min to re-
move thermal history, followed by cooling to 50 °C with
a rate of 10.0°Cmin~'. Crystallization temperature
(Tme) and melt temperature (7,,) were obtained from
the DSC thermogram.

3. Result and discussion
3.1. Characterization and morphology of silica particles

Several reaction conditions preparing silica particles
by referring to Stober method are given in Table 1. It
is seen that the average diameters of prepared silica
particles range from 32 to 602 nm and the size of silica
particles increases with the increase of NH; molar
concentrations. The diameter and morphology of these
silica particles were investigated by transmission elec-
tron microscopy (TEM) at an accelerator voltage of
150 kV.

The monodisperse particles are characterized with
some defined concepts of d,, and C,. d,, is the average size
of silica particles, defined as d, = (> md;/> n;), or
number average particle size [34]. C, is the coefficient
of wvariance of particle size distribution, C, =

2 12
M x 100. When the size of particles is
more than 150 nm, C, is less than 5% (sample D-F in
Table 1) in accordance with previous literature [35]. In
the C, formula, n; is the number of silica particles with
the size of d..

Fig. 1 shows TEM morphology of silica particles
with different size (sample A-F in Table 1). It is seen that
the morphology of silica particles is irregular when the
size of silica is 32 nm shown in Fig. la. However, it is
quite clear that the surface of silica particles is becoming
more spherical and regular in shape with increasing the
size of silica particles. At the same time, the monodis-
perse of silica particles becomes better and better with
the increase of the size of silica according to the C, in
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Table 1. Consequently, the monodisperse and morphol-
ogy of silica will be improved with the increase of silica
diameter.

3.2. Characterization of un-grafted and grafted silica
particles

In order to obtain a functionalized group on the sur-
face of these silica particles, it is quite necessary that the
silica particles are modified by MPS as a coupling agent.
Fig. 2a shows the infrared spectra of un-grafted and
grafted silica. The obvious difference is that the grafted
silica particles with a stable modified surface have a
strong absorption peak at 1721 cm™!, which indicates
that MPS is bonded to the silanol groups on the surface
of silica.

Fig. 2b shows TEM image of grafted silica with an
average diameter of 253 nm and the C, of 3.5%. It was
found by calculating the diameter from TEM images
that the size difference between un-grafted and grafted
silica is not obvious. Consequently, the monodisperse
silica particles with different size modified by MPS are
obtained. A typical mass ratio of silica and MPS equals
about 5 through TGA method. These modified particles
are then used to prepare composite particle through DP
process.

3.3. Effect factors on preparation silica—PS composite
particles

3.3.1. Comparison of un-grafted and grafted silica

Fig. 3 shows TEM images of silica—PS composite
particles in the presence of un-grafted and grafted silica
particles through DP. In the presence of un-grafted
silica, PS can almost not encapsulate silica particles
(Fig. 3a), therefore, most of silica particles still stay free
during dispersion polymerization. However, in the pres-
ence of grafted silica, silica particles are completely
encapsulated with polystyrene (Fig. 3b), and then free
silica can nearly not be observed in dispersion medium.
It can be concluded that PS can successfully encapsulate
grafted silica once silica particles are modified by MPS.

Table 1

Reaction conditions in the preparation of silica particles by Stober and the size of silica

Sample TEOS (mol L") NH; (mol L) H,O (mol L") d,* (nm) C,° (%)
A 0.20 0.14 2.80 32 13.5

B 0.20 0.14 4.80 54 11.5

C 0.20 0.40 6.80 110 8.7

D 0.20 0.60 6.80 250 2.7

E 0.20 0.60 16.0 380 2.5

F 0.20 2.00 6.00 602 1.5

& d, is the average size of silica particles.
® C, is the coefficient of variance of particle size distribution.
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Fig. 1. TEM image of silica particles with the different size of 32 nm (a), 54 nm (b), 110 nm (c), 250 nm (d), 380 nm (e) and 602 nm (f).
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Fig. 2. The infrared spectra (a) and TEM image of grafted silica particles (b).

This is resulted from that, the unsaturated C=C groups
on the surface of grafted silica react with styrene
strongly improving the silica dispersity in PS, and
greatly promoting growth of silica-PS composite parti-
cles in a more and homogeneous way.

3.3.2. Influence of different average size of grafted
silica particles on the composite particles

The grafted silica particles with different size from
nanometer to submicrometer apply to reveal how this
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silica affects the monodisperse and morphology of sil-
ica—PS composite particles. The reaction conditions for
preparing silica—PS composite particles with the grafted
silica particles through DP process are listed in Table 2.

TEM micrographs of composite particles prepared at
the different size of grafted silica particles are shown in
Fig. 4, where all the reactive conditions are the same
as shown in Table 2. All images except Fig. 4f shows
that grafted silica particles are situated in the polysty-
rene and no free silica particles are found. However,



Wu Tianbin, Ke Yangchuan | European Polymer Journal 42 (2006) 274-285

.
s

Fig. 3. TEM images of silica-PS composite particles in the presence of un-grafted silica (a) and grafted silica (b). Reaction conditions:
un-grafted silica or grafted silica, 0.10 mol L™'; St, 0.60 mol L™'; AIBN, 6.10 mmol L™'; PVP, 0.23 mmol L™ '; CH;CH,OH, 94.5 mL;
H,O0, 5.5mL.

Table 2
The size and C, of silica-PS composite particles prepared with
the different size of grafted silica particles

Sample d,* (nm) D," (nm) C* (%)

A-0 32 - -

B-0 54 88 20.0

C-0 110 874 6.8

D-0 250 1030 4.5

E-0 380 1020 5.3

F-0 [5] 410 860 12.0

G-0 602 - -

Reaction conditions: grafted silica, 0.10 mol L' st

0.60 mol L™'; AIBN, 6.10 mmol L™!'; PVP, 0.23 mmol L™;
CH;CH,aOH, 94.5 mL; H,O, 5.5 mL.

* d, is the average size of silica particles.

b D, is the average size of silica—PS composite particles.

€ C, is the coefficient of variance of particle size distribution.

the morphology and average size of composite particles,
as well as the number of grafted silica particles in each
composite particle will greatly change with varying the
size of grafted silica particles from nanoscale (d, <
100 nm) to submicrometer (100 nm <d, < 1000 nm).
When the size of grafted silica is 32 and 54 nm respec-
tively (samples A-0 and B-0 in Table 2), the composite
particles containing grafted silica is not spherical but
the grafted silica particles (dark) are interconnected with
polystyrene (light) (Fig. 4a and b). It is probable that the
silica nanoparticles (d, <100 nm) with higher surface
energy have more cross-linking interaction with polysty-
rene main chains than the micron-sized ones, which
cause composite particles to stack together. It is obvi-
ously seen from Fig. 4a and b that the morphology of
core—shell silica—PS composite particles is quite different
from that of Bourgreat-Lami [7,8]. As the silica size in-
creases to submicrometer, the monodispersity of silica—
PS composite particles is greatly improved. When the
grafted silica size reaches 110 nm, each composite parti-
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cle is almost spherical and contains two or more than
two grafted silica particles (Fig. 4c). With continuously
increasing silica size from 250 nm to 380 nm (Fig. 4d
and e), the monodisperse of composite particles become
better and the number of grafted silica in each composite
particle gradually decreases to one when silica size ap-
proaches to 380 nm (Fig. 4e). Simultaneously, it is seen
from Fig. 4c—e that many cores in the composite parti-
cles are not located in the center of the particles, which
may be resulted from the gravity effect during dispersion
polymerization. In dispersion solution, the force of com-
posite particles in the direction of perpendicularity is
inhomogeneous, leading to the deviation of silica from
the center of the composite particles. In addition, during
polymerization, the inhomogeneous nucleation of silica
in styrene solution may cause the deviation of silica from
the center. However, polystyrene can hardly encapsulate
grafted silica when its size is over 602 nm (samples G-0
in Table 2) and free silica particles are observed in reac-
tive system (Fig. 4f). Consequently, grafted silica parti-
cles with different size significantly influence on the
morphology of composite particles and the distribution
of silica in composite particles.

3.3.3. Determining the best size of grafted silica
particles for the composite particles

Fig. 5 shows how silica size affects on C, of both
silica and silica—PS composite. As the size of silica
increases, C, of silica reduces slowly, but C, of silica—
PS composite decreases quickly and later increases.

It is seen from Fig. 5 that the change of silica size can
severely affect on the monodisperse of composite parti-
cles. When silica size is 250 and 380 nm, C, of the corre-
sponding composite particles is 4.5%, 5.3%, respectively,
which is lower than that of the other composite particles
with the silica size of 54, 110 and 410 nm. However, the
number of silica in each composite particle is almost one
when silica size is at 380 nm (Fig. 4¢) and one or more
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Fig. 4. TEM images of silica—PS composite particles at the different size of grafted silica particles: (a) sample A-0 in Table 2; (b) sample
B-0 in Table 2; (c) sample C-0 in Table 2; (d) sample D-0 in Table 2; (¢) sample E-0 in Table 2; (f) sample F-0 in Table 2.
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Fig. 5. Plot of the effect of silica size on C, of both silica and
silica—PS composite.

than one when silica size is at 250 nm (Fig. 4d). Thus,
the size with 380 nm is a critical size of silica for the best
monodispersity and encapsulation in preparing the com-
posite particles. These grafted silica particles with
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380 nm are further used to investigate the factors of
reaction conditions.

3.3.4. The effect of reaction conditions on the best size of
grafted silica particles and the composite particles

The grafted silica particles with the size of 380 nm are
selected to be the critical scale to investigate the effect of
different reaction conditions on the morphology and
monodisperse of final silica—PS composite particles.

TEM morphology of silica for 380 nm size is seen in
Fig. le. The reaction conditions for preparing silica—PS
composite particles through DP process in the presence
of 380 nm grafted silica particles are shown in Table 3.

TEM images of sample E-1 and E-2 in Table 3 are
shown in Fig. 6, in which all conditions except PVP con-
centration are the same. PVP as a stabilizer plays an
important role on the surface of PS. When PVP concen-
tration is lower, silica—PS composite particles are easily
conglutinated together (Fig. 6a). As PVP concentration
increase, the size of composite particles will slightly
reduce from 800 to 760 nm, but composite particles
become more spherical and regular in shape (Fig. 6b).
Therefore, enhancing PVP in a proper amount can
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Table 3
The different reaction conditions for preparing silica—PS composite particles through DP
Sample St AIBN PVP Grafted silica EtOH H,O d? cb

(mol L7") (mmol L™ (mmol L™ (mol L") (mL) (mL) (nm) (%)
E-1 0.40 4.30 0.10 0.10 94.5 5.5 800 6.2
E-2 0.40 4.30 0.23 0.10 94.5 5.5 760 5.9
E-3 0.40 3.00 0.23 0.10 94.5 5.5 - -
E-4 0.40 6.10 0.23 0.10 94.5 5.5 670 7.7
E-5 0.40 6.10 0.23 0.10 94.5 9.5 - -
E-6 0.40 6.10 0.30 0.10 94.5 5.5 640 11.3
E-7 0.60 6.10 0.30 0.10 94.5 5.5 993 5.1
E-8 0.60 6.10 0.30 0.05 94.5 5.5 1094 6.1
E-9 0.60 6.10 0.30 0.23 94.5 5.5 - -
E-0 0.60 6.10 0.23 0.10 94.5 5.5 1020 53

% d, is the average size of silica—polystyrene composite particles.

® C, is the coefficient of variance of particle size distribution.

Fig. 6. TEM images of silica—PS composite particles under the condition of changing PVP concentration: (a) sample E-1 in Table 3;

(b) sample E-3 in Table 3.

effectively prevent composite particles from conglutinat-
ing each other and improve the morphology and mono-
disperse of silica—PS composite particles.

AIBN as an initiator has a significant influence on
preparing silica—PS composite particles. At a low AIBN
concentration of 3.00 mmol L' (sample E-3 in Table 3),
grafted silica cannot be entirely encapsulated by polysty-
rene and silica particles enable both polystyrene particles
linked together (Fig. 7a). That is, if the lower AIBN con-
centration is, the worse effectively polystyrene particles
encapsulate grafted silica. As AIBN concentration in-
creases to 6.10 mmol L™' (sample E-4 in Table 3), all
the silica particles are placed inside polystyrene particles
(Fig. 7b).

Simultaneously, silica—PS composite particles in sam-
ples E-4 become smoother than that of sample E-3. Be-
cause the unsaturated C=C groups on the surface of
grafted silica react with styrene in the presence of AIBN,
increasing the amount of AIBN will obtain more pri-
mary free radical particles which can quickly induce
grafted silica and styrene to form the large size and
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monodisperse of silica—PS composite particles. Thus,
addition of a suitable amount of AIBN leads to synthe-
size regularly spherical and well-monodisperse silica—PS
composite particles.

Fig. 8 shows two TEM typical images about silica—PS
composite particles when varying the amount of water in
ethanol-water medium (seen in Table 3). The addition
of water can adjust the polarity of reaction medium.
The less the amount of water is added, the lower the
polarity of disperse system is, and vice verse. When addi-
tion of the amount of water is 5.50 mL (sample E-4 in
Table 3), grafted silica particles are nearly located inside
polystyrene (Fig. 8a). However, with increasing the
amount of water of 9.50 mL (sample E-5 in Table 3),
some free silica particles can be seen in reaction system
(Fig. 8b). Because the hydrophobicity of the surface of
grafted silica modified by MPS cannot be compatible
with water, some grafted silica particles are free in
reaction system and the monodisperse of silica—PS com-
posite particles will decline with the increase of the
amount of water during DP.
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Fig. 7. TEM images of silica-PS composite particles under the condition of changing AIBN concentration: (a) sample E-3 in Table 3;
(b) sample E-4 in Table 3.

2o’
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Fig. 8. TEM images of silica—PS composite particles under the condition of changing H,O concentration: (a) sample E-4 in Table 3; (b)
sample E-5 in Table 3.

1000nm
—

Although the average size of polystyrene particles in- tion of 0.40 mol L™! (sample E-6 in Table 3), the surface
creases with the increase of the amount of styrene, the of silica—PS composite particles is obviously not smooth
morphology and size of composite particles are still seri- and some of grafted silica particles are partially protruded
ously affected by the grafted silica. TEM images of sample from the surface of polystyrene (Fig. 9a). However,
E-6 and E-7 in Table 3 are for styrene monomer concen- increasing the amount of styrene of 0.60 mol L™! (sample
tration of 0.40 and 0.60 mol L™! under the same other E-7 in Table 3), the surface of silica-PS composite parti-
conditions shown in Fig. 9. At a low styrene concentra- cles become smoother. Moreover, the average size and

500nm .

Fig. 9. TEM images of silica-PS composite particles under the condition of changing St concentration: (a) sample E-6 in Table 3;
(b) sample E-7 in Table 3.
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Fig. 10. TEM images of silica—PS composite particles under the condition of changing grafted silica concentration: (a) sample E-8 in

Table 3; (b) sample E-9 in Table 3.

monodisperse of composite particles get larger and better
(Fig. 9b). Thus, increasing the amount of styrene will
quicken the reactive rate of DP and promote grafted silica
particles contact with styrene, polystyrene particles easily
encapsulate silica to form the well-shaped silica—PS com-
posite particles.

The addition amount of grafted silica is one of the
most important factors on the morphology of silica-PS
composite particles. At a low amount of grafted silica
of 0.05mol L™! (sample E-8 in Table 3), the number
of silica particles placed inside each composite particle
is almost one and the surface of composite particles be-
comes smooth (seen TEM in Fig. 10a). With increasing
the amount of silica to 0.10 mol L™! (sample E-7 in
Table 3), there are two or more than two silica particles
in each composite particle and the monodisperse of com-
posite particles becomes better (Fig. 9b). When the silica
concentration continuously increases to 0.23 mol L™!
(sample E-9 in Table 3), most of silica particles are not
inside composite particles during polymerization
(Fig. 10b). Keeping the constant amount of styrene,
the styrene adsorbing on the surface of silica particles
gradually decreases with the increase of silica concentra-
tion. Therefore, grafted silica particles cannot obtain

enough styrene monomer, and some free grafted silica
particles appear in reaction system.

Therefore, according to the above discussion, for the
size of grafted silica particles of 380 nm, the best reac-
tion condition that can obtain the well-dispersed sil-
ica-PS composite particles with regularly shaped
periphery (seen in Fig. 4e) is that the addition amounts
of PVP, styrene, AIBN, grafted SiO, and H,O are
0.23 mmol L™', 0.60 mol L™', 6.10 mmol L™", 0.10 mol
L~" and 5.50 mL, respectively.

3.3.5. The nucleation effect of grafted silica particles in
PET

The most important for silica—PS core-shell compos-
ite particles is that they can further disperse in polymer
melt. They are mixed with PET to prepare the new com-
posite materials (SNPET). As shown in Table 4, T}, of
SNPET is higher than that of pure PET, that is to say,
silica particles can become nucleation centers of PET
in which can accelerate the crystallization. Under the
condition of the same silica content, the dispersion in
PET and the size of silica particles can seriously affect
the crystallization rate of SNPET. The higher Ty, of
SNPET is, the quicker the rate of crystallization of

Table 4

The comparison of thermal and crystallization behavior for PET and SNPET

Sample PET/SiO,/PS (g/g/g)" Dsio, (nm)° T (°C) T (°C) ATy (°C)
PET 100/0/0 - 249.9 193.4 56.5
SNPET-1 100/2/0.2 54 251.5 205.0 46.5
SNPET-2 100/2/0.2 110 251.2 200.0 51.2
SNPET-3 100/2/0.2 250 250.9 197.6 53.3
SNPET-4 100/2/0.2 380 252.7 204.0 48.7
SNPET-5 100/2/0.2 50-300 253.0 204.5 48.5

# Mass ratio of (PET, SiO, and PS).

® The size of silica particles.

¢ Melt temperature.

4 Crystallization temperature from melt.

¢ The difference between temperature Ty, and Th..
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composite materials is. When the silica size is 54 nm and
380 nm, Ty, of SNPET is 205.0 and 204.0 °C, respec-
tively, which is higher than that of other composite
materials. The reason for this is suggested that silica par-
ticles encapsulated with PS (Fig. 4b and e) homoge-
neously disperse in PET forming many nucleation
centers and quickening the SNPET crystallization rate.
Similarly, at the silica size of 110 nm and 250 nm, their
disperse behavior of composite particles in PET also
show nucleation effect, but their T, is lower than that
at 380 nm due to more silica particles agglomerated in
each PS particle (Fig. 4c and d). All these results are rea-
sonably used to explain the nucleation effect of the mul-
tiscale silica particles with 50-300 nm in PET (seen
sample SPET-5, Table 4), it is strongly suggested that
different silica size level all play nucleation role in PET
(further data will be published elsewhere).

4. Conclusion

Preparation of silica—PS composite particles with sil-
ica particle size from 32 to 602 nm in DP process is re-
ported and their morphology is characterized with
TEM. Grafted silica particles with MPS as a coupling
agent can obviously enhance the stability, dispersion
and encapsulation behavior of monodisperse silica—PS
composite particles, which is resulted from that the
unsaturated C=C groups are bonded to the silanol
groups of silica surface investigated from FTIR.

Via DP process, the core—shell composite particles
are prepared, in which grafted silica particles are used,
the ethanol-water acts as medium, PVP as a stabilizer
and AIBN as an initiator. The results show that modi-
fied silica particles can be successfully encapsulated with
PS while the un-modified silica particles can almost not
be encapsulated with it. The grafted silica particles and
their sizes from nanometer to submicrometer are factors
on the silica morphology and distribution of composite
particles. With increase of the grafted silica size, the
morphology of silica-PS composite particles becomes
more and more regular. The number of grafted silica
particles in each composite particle is more than two
with silica size less than 380 nm while approaches to
one with silica size is over 380 nm. However, when the
grafted silica particle size increases to 602 nm, PS can
hardly encapsulate them.

Using the grafted silica particle size of 380 nm, the
best reaction conditions obtaining the well-dispersed sil-
ica-PS composite particles with regularly shaped
periphery are presented as, the addition amounts
of PVP, styrene, AIBN, grafted SiO, and H,O are
0.23mmol L™", 0.60molL~', 6.10mmolL"", 0.10
mol L™! and 5.50 mL, respectively.

The encapsulation of silica particles with polystyrene
by DP process effectively improves the dispersion of
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inorganic particles in PET. They act as nucleation cen-
ters in PET, improve its crystallization behavior and pri-
marily explain the nucleation effect of different size level
of multiple scale particles (further data will be published
elsewhere).
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Abstract

The kinetic data of methane hydrate dissociation at various temperatures and pressures were measured in a sapphire cell apparatus by depres-
surizing method. When the temperature was higher than 0°C, the experimental results showed that the hydrate dissociation rate was controlled
by intrinsic dissociation reaction. When the temperature was lower than 0 °C, water generated from the hydrate dissociation would transform into
ice rapidly at the surface of hydrate crystal. The released gas diffused from the hydrate and ice mixture to the bulk of gas phase. With the hydrate
continuous dissociation, the boundary of ice-hydrate moved toward water/ice phase. The hydrate dissociation was controlled by gas diffusion,
and the hydrate dissociation process was treated as a moving boundary problem. Corresponding kinetic models for hydrate dissociation were

established and good agreements with experimental data were achieved.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Methane; Hydrate; Dissociation; Kinetics; Diffusion

1. Introduction

Substantial amounts of hydrates have been determined to be
at the ocean bottom and in permafrost regions of the earth. These
solid hydrate fields can become a future hydrocarbon resource.
It was estimated that the methane gas potential of in situ hydrate
resources is around 20 million trillion cubic meters in the world
[1], several times the known reserves of conventional natural gas
[2]. This huge energy source holds at least twice the amount of
combustible carbon present in all other fossil fuels on the earth
[3].

How to exploit the natural gas from these fields safely
and economically requires knowledge of the thermodynam-
ics and kinetics of hydrate formation and dissociation. All
known methods of hydrate decomposition are based on shift-
ing the thermodynamic equilibrium in a three-phase system
(water—hydrate—gas), which can be achieved by [4]:

e increasing the system temperature above the temperature of
hydrate formation at a specified pressure;

e decreasing the system pressure below the pressure of hydrate
formation at a specified temperature;

* Corresponding author. Tel.: +86 1089 733252; fax: +86 1089 733252.
E-mail address: changyusun@263.net (C.-Y. Sun).

0378-3812/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
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e injecting inhibitors to shift the pressure—temperature equilib-
rium.

Gas production by heating hydrates was shown to be ther-
modynamically possible [5]. Kamath et al. [6] have studied
three-phase interfacial heat transfer during the dissociation of
propane hydrates. Ullerich et al. [7] described the decomposi-
tion of a synthetic core of methane hydrate as a moving boundary
heat transfer problem. Jamaluddin et al. [§] combined heat trans-
fer with intrinsic kinetics to simulate the decomposition of a
core of methane hydrate. Selim and Sloan [9] considered the
convective—conductive heat transfer in their one-dimensional
model.

But for the heat stimulating method, the large amount of
energy required to dissociate hydrates makes the thermal recov-
ery of gas from the in situ hydrates unfeasible [10,11]. On
the other hand, hydrate dissociation by depressurization was
shown to be a viable option. Kim et al. [12] developed a model
for the intrinsic rate of gas hydrate decomposition and deter-
mined the rate constant from experimental data for methane.
Their experimental work was maintained at a constant temper-
ature and pressure in a semi-batch stirred-tank reactor during
the hydrate decomposition. Yousif et al. [13] used a Kim’s
model [12] to describe a dissociation process of methane
hydrate in porous media by depressurization. Ohgaki et al. [14]
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evaluated the decomposition of carbon dioxide, methane and
carbon dioxide-methane mixed gas hydrates under isothermal
isobaric conditions. Stern et al. [15] and Shirota et al. [16] per-
formed methane hydrate decomposition experiments below the
ice point. In Tsypkin’s multiphase one-dimensional model [17],
movement of water and gas in the reservoir was described and
heat and mass balance at the dissociation front were included.
Goel et al. [18] developed a model to predict the performance of
the hydrate dissociation in porous media, incorporating decom-
position kinetics into the radial diffusivity equation. Clarke
and Bishnoi [19-21] determined the intrinsic rate of ethane,
methane, and mixtures of methane and ethane hydrate decom-
position in a semi-batch stirred-tank reactor. Ji et al. [22] and
Ahmadia et al. [23] described a one-dimensional model for nat-
ural gas production from the dissociation of methane hydrate
in a confined reservoir by a depressurizing well. The approach
accounted for the heat released by hydrate dissociation and
convection—conduction heat transfer in the gas and hydrate zone.
Many factors, such as temperature, pressure, and the surface
area of hydrate particle, will influence on the hydrate disso-
ciation rate. The mechanism of hydrate dissociation when the
temperature is above 0°C and below 0 °C will be different. In
this study, the kinetic data of dissociation using depressurizing
method at specified temperatures were obtained for methane
hydrate in a transparent sapphire cell. The experiments were
conducted in two temperature regions, above 0°C and below
0°C, to examine the different mechanism of hydrate disso-
ciation. Kinetic models were also formulated to describe the
dissociation data above 0 °C and below 0 °C, respectively.

2. Experimental
2.1. Experimental setup

The experimental apparatus used in this work has been
described in detail in the previous papers published by this lab-
oratory [24,25]. It has also been used to studied the effect of
surfactant on the formation and dissociation kinetic behavior of
methane hydrate [26]. Fig. 1 is the schematic diagram of the
experimental apparatus. It consists of a cylindrical transparent
sapphire cell (2.54 cm in diameter, the maximum workspace of
the cell 78 cm?) installed in a constant temperature bath and
equipped with a magnetic stirrer for accelerating the equilibra-
tion process. The formation/dissociation of the hydrate crystals
in the solution can be observed directly through the transpar-
ent cell wall. To collect the dissociation gas, an aerometer is
used which has a volume of 2 L (accurate to 0.1 mL). The accu-
racy of temperature and pressure measurement is +0.1 K and
+0.025 MPa, respectively.

2.2. Experimental procedure

De-ionized water with a volume of about 30 mL was injected
into the vacuumed high pressure sapphire cell. Then methane
gas was introduced to the cell until the desired pressure was
attained, which was above the three-phase equilibrium pres-
sure. When both pressure and temperature conditions became
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Fig. 1. Schematic diagram of the experimental apparatus. DS: driving system;
DPT: differential pressure transducer; DAS: data acquistion system; PDP: posi-
tive displacement pump; GC: gas cylinder; GA: gas aerometer; TT: temperature
transmitter.

stable, stirring was started and hydrate will form with the con-
tinuous gas consumption. After about majority of the water was
converted into the hydrate, the cell was depressurized to a pres-
sure about 0.05 MPa above the equilibrium pressure which was
accomplished by releasing the gas to the atmosphere. When the
system was stable, the cell was further depressurized to the dis-
sociation pressure. Then it maintained this pressure by use of the
movement of piston. Gas hydrate started to decompose and the
temperature of the cell was maintained by the air bath. The vol-
ume of gas flowing out of the cell was collected in an aerometer
and the dissociation time was also counted.

If the target temperature was lower than 0 °C, the hydrate
was first cooled down to the desired temperature which was the
dissociation reaction condition and kept for about 4 h. Then the
vent was opened slowly and the system pressure decreased grad-
ually until it reached somewhat above the equilibrium formation
pressure of methane hydrate at present temperature. After that,
the system was depressurized rapidly to atmospheric pressure.
The reason for depressurizing the system in such two stages
was stated by Shirota et al. [16]. Soon after the system pressure
decreased to 0.1 MPa, the vent was closed and the system was
connected to the aerometer to recover the gas evolved during
dissociation.

Using above procedure, the experiments of methane hydrate
dissociation were conducted at the temperatures of 0.6°C,
2.6°C, 4.6°C, and 5.8 °C, pressure from 1.0 MPa to 3.0 MPa.
Methane hydrate dissociation data were measured at the atmo-
spheric pressure when the temperatures were —2.5 °C, —4.4°C,
—6.2°Cand —9.2 °C. In these experiments, the influence of heat
transfer was eliminated by immersing the transparent sapphire
cell in a constant temperature bath.
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3. Development of the kinetic model

Water is released from the destruction of clathrate host lat-
tice at the surface of a hydrate particle and desorption of the
methane molecule from the surface of hydrate particle [12].
When the temperature is higher than 0 °C, the generated water
flows down to the bottom of the cell. The released methane gas
can easily transfer the clearance between the hydrate particles
and the destructed clathrate lattice. Therefore, the mass trans-
fer resistance can be eliminated. But when the temperature is
lower than 0 °C, the water generated from the hydrate dissoci-
ation will transform into ice rapidly at the surface of hydrate
crystal. Under the circumstances, the released gas will then dif-
fuse from the hydrate and ice mixture to the bulk of gas phase
and the influence of mass transfer should be considered. So the
kinetic model of dissociation should be built in two cases.

3.1. WhenT>0°C

The sapphire cell was immersed in a constant temperature
bath to maintain the experimental temperature. We know that
the dissociation of solid hydrates is an endothermic process.
When the temperature was above 0 °C, the decomposition of
hydrate was rapid. But the amount of hydrate formation in the
sapphire cell in this work was no more than 30 cm?®. And the
specified experimental pressure when 7 was above 0 °C is close
to the equilibrium pressure to decrease the dissociation driv-
ing force and the rate of hydrate dissociation, so as to attain
thermal equilibrium between the decomposing hydrate with con-
stant temperature bath. Therefore, during the development of
the kinetics model when the temperature is higher than 0 °C, the
hydrate dissociation was assumed under isothermal conditions
and the heat transfer effect was ignored. The similar assumption
was also made by the previous researchers [12—-14].

The methane gas from hydrate dissociation is generated at
the solid surface and then enters the bulk gas phase. And the
total moles of methane gas n™ contained in the hydrate particles
will decrease with the dissociation of hydrate. The molar rate at
which methane is released from the hydrate surface is (—dn*/dy).

When the temperature is higher than 0 °C, the hydrate disso-
ciation process occurs at the solid surface and the mass transfer
resistance of the released gas can be ignored. It may be assumed
that the fugacity of methane at the solid surface is equal to the
fugacity of methane in the bulk gas phase. The hydrate dissoci-
ation is then recognized as an intrinsic reaction, thus the rate of
hydrate dissociation is written as

dnH
= ipH 1
a n (1

When ¢ is equal to zero, nt = noH Here ng is the total moles
of gas contained in the hydrate particles initially, and &’ is the
apparent dissociation rate constant. Integrating Eq. (1) and sub-
stituting the initial condition that when #=0, gives

nH

;= exp(—k'r) @
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The rate of hydrate dissociation is assumed to be proportional to
a driving force, the difference between methane fugacity at the
three-phase equilibrium pressure and at the experimental con-
dition. Therefore the hydrate dissociation when the temperature
is higher than 0 °C can be treated as a first-order reaction under
the conditions of three-phase coexistence.

3.2. WhenT<0°C

Ershov and Yakushev [27] found out that between —1°C
and —18 °C, natural gas hydrate remained stable. In this work,
the experimental temperature was —2.5°C, —4.4°C, —6.2°C,
and —9.2 °C, respectively, and the dissociation rate was much
slow compared with that when 7> 0 °C. Although the dissocia-
tion of hydrates at the atmospheric pressure was an endothermic
process, the hydrate decomposed percentages was small and
absorbed low quantity of heat compared with that when 7>0°C
at the same dissociation time. In addition, the whole dissociation
time was also long enough to attain thermal equilibrium between
constant temperature bath and the hydrate mixtures. Therefore
the temperature fluctuation was small and the system could also
be assumed to be under isothermal condition when 7 was below
0°C.

The dissociation process can be described based on the ice-
shielding mechanism [28]. The dissociation water is usually
considered to be blown away from the surface immediately by
the methane gas arised from the solid particle. But when the tem-
perature is lower than 0 °C, the dissociation water will transform
into ice rapidly at the particle surface. The released gas has to
diffuse from the ice and hydrate mixture to the bulk methane
phase. And the thickness of ice layer will increase with the con-
tinuous dissociation of hydrate. At the same time the thickness
of hydrate layer will be lessened. The intrinsic dissociation rate
is rapid compared with the diffusion rate and the dissociation of
hydrate is controlled by the diffusion process. Based on the mass
balance on the hydrate surface, the hydrate dissociation rate can
be connected with the increasing of the thickness of ice layer or
the decreasing of the thickness of hydrate layer.

dn _ A ds
ar Py

- 3)
where Ageo is the geometrical surface area of hydrate, S the
thickness of ice layer, p moles of methane per unit volume of
hydrate, and » is moles of gas component. The molar volume
for ice phase is assumed to be equal to that of hydrate phase.
Fig. 2 shows the schematic diagram of hydrate dissociation
when 7<0°C. Initially when #=0, the hydrate layer separates
the gas phase and water/ice phase. The gas phase pressure is
constant, and the gas concentration of the hydrate—gas inter-
face (1-3), v , remains constant. The gas concentration of the
hydrate—water/ice interface (3-4), C", is equal to the three-phase
equilibrium concentration, Ceq, at the bulk water temperature.
After starting the hydrate dissociation process (¢>0), the
generated water will change into ice rapidly at the particle
surface. However part of hydrate on the surface is not decom-
posed, resulting in that there exists clearance between hydrate
and ice or among hydrate particles. The dissociation gas must
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Fig. 2. Schematic diagram of hydrate dissociation when 7<0°C.

diffuse across the clearance to the bulk gas phase. The thick-
ness of ice layer will increase with the continuous dissociation
of hydrate. Whereas the thickness of hydrate layer will reduce.
The ice-hydrate boundary (2-3) will move toward the water/ice
phase (4). Since the generated water will transform into ice
rapidly and the density of ice is similar to that of hydrate, the
gas—ice interface (1-2) may be assumed to keep immovable dur-
ing the hydrate dissociation process. The hydrate dissociation
when T<0°C could then be described as a moving boundary
(ice—hydrate interface) phenomenon.

The one-dimensional gas concentration distribution in the
ice zone (2) is governed by the Fick’s second law of diffusion.
The governing differential equation and the relevant initial and
boundary conditions for the ice zone are given below:

Diffusivity equation:

IC _ PC
a o2
Here x refers to the spatial displacement of the moving bound-

ary. The sign ‘—’ in Eq. (4) shows that the diffusion direction is
opposed to x.

“

Initial condition:

Clx,t =0)=Ceq Q)
Boundary conditions:

. n=c’ (6)
CIS(),1]1=C* (7

From the mass balance at the ice~hydrate interface (2-3),
yields:

ds
—DA— =pA t>0

ox dr’
where D is the diffusion coefficient of gas through the ice layer,
and C is gas concentration.

When the hydrate dissociation is controlled by gas diffusion,
the gas concentration of the hydrate—water/ice interface (3—4),
C", is equal to the three-phase equilibrium concentration, Ceq.
Then from Eq. (4), yields:

x = S(@), ()

C — Ceq ( X )
—— =erf | — 9
CO— Ceq V4Dt ©)
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Introducing C from Eq. (9) into Egs. (8) and (3), the value of
diffusion coefficient of gas through the ice layer can be obtained.
At the beginning period of the hydrate dissociation, the trans-
formed ice covers on the surface of hydrate softly. The generated
gas diffuses through the clearance between hydrate and ice or
among hydrate particles, which is governed by Fick’s second
law of diffusion. Since the continuous dissociation of hydrate
increases the thickness of ice layer, the ice layer becomes com-
pact. Thus Fick’s law of diffusion cannot be preserved and the
diffusion coefficient should be revised according to the dimen-
sion of clearance. However, the fraction of clearance cannot be
determined experimentally. As it is noted, the clearance among
ice, hydrate, and ice-hydrate mixture minishes with the increas-
ing of the thickness of ice layer. Then the effective diffusion
coefficient of gas can be expressed with the square ratio of the
thickness of ice layer:
2
Defi = D&

10
52 (10)

where Sy is a referenced thickness and S; is the thickness at ¢.
In this paper the thickness of ice layer when =1 min is cho-
sen as the referenced thickness which is determined from the
experimental data.

4. Result and discussion
4.1. WhenT>0°C

When the temperature is higher than 0 °C, methane hydrate
dissociation is governed by the intrinsic reaction. The apparent
rate constant k' in Eq. (2) at different temperatures and pressures
could be obtained according to the experimental data. The results
of methane hydrate dissociation at four experimental conditions
were shown in Fig. 3. The driving force Af during the dissoci-
ation process was the difference between methane fugacity at
the equilibrium pressure and at the experimental pressure. The
three-phase equilibrium pressure was calculated by Chen—Guo

1.0

Af

. 0 5 MP:
08 0.6°C, 1.15 MPa

® 26°C 0.76 MPa

06 F A 46°C 1.01 MPa

H

¥  58°C, 181 MPa

nin,

Cal. by Eq.(2)

Fig. 3. Rate of methane hydrate dissociation at different temperature and pres-
sure.
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hydrate model [29], and the fugacity coefficient was calculated
using the Peng—Robinson equation of state [30]. From Fig. 3
it could be seen that the kinetic model of Eq. (2) could fit the
experimental data although the deviation at 2.6 °C was a little
large. The average calculated error of the fraction of methane
contained in the hydrate (nHy nOH) at different conditions was
4.8%.

What was measured in the laboratory is the global rate of
reaction, which was the rate associated with the bulk temper-
ature and pressure. By eliminating the heat transfer effects, it
was possible to isolate the intrinsic kinetics of gas hydrate dis-
sociation from the experimental data. We could also use the
same experimental method to study the influence of additive,
porous medium, and gas composition, to obtain the general law
of hydrate dissociation.

4.2. WhenT<0°C

If only taking the intrinsic reaction into account as the kinetic
model when 7> 0°C, the apparent rate constant and the calcu-
lated error when 7<0°C were listed in Table 1. The value of
K in Eq. (2) was determined from the experimental data during
the whole dissociation process. It could be seen that the average
deviation of the fraction of methane contained in the hydrate
(nHy ngl) was large (the error was much larger when express-
ing with the generated methane volume deviation). The results
showed that the whole hydrate dissociation process at 7<0°C
was not controlled by the intrinsic reaction. At the initial stage
of hydrate dissociation when the temperature was below 0 °C,
only a thin ice layer covered over the hydrate and the influence of
intrinsic reaction was significant. For example, the first 20 min
of methane hydrate dissociation at —2.5 °C could be described
as an intrinsic reaction process and the corresponding apparent
rate constant was 0.0158 min~!.

On the other hand, the gas diffusion and ice-hydrate mov-
ing boundary theory could be successfully applied to hydrate
dissociation kinetics when 7<0°C. The diffusion coefficient
obtained from Egs. (3)-(10) and the calculated error for the
generated methane were also listed in Table 1. Fig. 4 showed
the time evaluation of the experimental and calculated volume
of dissociated methane gas when 7<0°C. The results revealed
that the calculated precision could be significantly improved
using the gas diffusion and ice-hydrate moving boundary
theory.

Table 1

The apparent rate constant, diffusion coefficient, and the calculated error
T(°C) K (min~!)? D (cm?/s)° ADD (%)° ADD (%)?
-9.2 0.000226 0.00274 13.6 4.5

—6.2 0.000712 0.00794 9.19 3.8

—4.4 0.000953 0.0270 13.1 6.1

-25 0.00276 0.0351 12.6 6.2

2 Regressed from the experimental data (based on intrinsic reaction).

b Regressed from the experimental data (based on diffusion theory).

¢ The average calculated deviation of (n”/ngl) based on intrinsic reaction.

d The average calculated deviation of decomposed gas volume based on dif-
fusion theory.
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Fig. 4. Methane volume of dissociation at different time when 7<0°C.

According to the ice-shielding mechanism [28], the kinetic
process of the hydrate decomposition in a static system below
0°C could be assumed as following two sequential steps:

(1) Destruction of clathrate host lattice at the surface of a
hydrate particle and desorption of the methane molecule
from the surface of hydrate particle, which could be
described by Eq. (2).

(2) Diffusion of methane molecule through ice layer and being
released to gas phase, which could be described by Egs.
(3)-(10).

So the kinetic model of hydrate dissociation includes two param-
eters: apparent rate constant k" and diffusion coefficient D. Since
the influence of intrinsic reaction is only significant at the initial
stage and the influence time cannot be determined, only the gas
diffusion and ice-hydrate moving boundary theory was used in
this paper, which is much suitable for the total hydrate dissoci-
ation process at 7<0°C.

Fig. 5 listed the calculated results based on the model from
Egs. (3)-(9) and that from Egs. (3)-(10), respectively. It can be
seen that at earlier dissociation stage (< 100 min), model from

1.00 =

075

H
0

Af -

0.50 - ) .
9.2°C.1.76 MP ~ _ S~

il
n/n

----- Cal. by Egs.(3) - (9)
I 1

1 L 1
400 600 800
t (min)

0 200 1000

Fig. 5. The influence of the revised diffusion coefficient.
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Eqgs. (3)—(9) can also describe the experimental behavior suc-
cessfully, without introducing the effective diffusion coefficient
of gas in Eq. (10). It can be because that there existed clearance
between hydrate and ice. At the initial period, the decomposed
gas diffused through the clearance which was governed by Fick’s
second law of diffusion. But with the prolonging of dissociation
time, the ice layer became thicker and more compact. Fick’s dif-
fusion law was no longer suitable for the dissociation process
at this higher diffusion resistance. The calculated value from
Egs. (3)-(9) gradually deviated the experimental data with the
increasing of dissociation time. The solid line curves in Fig. 5
were the calculated results after introducing the concept of the
effective diffusion coefficient of gas. It should be noted that the
calculated values from Egs. (3)-(10) were significantly close to
the experimental data.

5. Conclusion

The kinetics of methane hydrate dissociation was studied
experimentally in a sapphire cell in two temperature regions,
above 0 °C and below 0 °C. It was revealed that the hydrate dis-
sociation when the temperature is above 0 °C can be treated as
a first-order reaction. The hydrate dissociation model based on
intrinsic dissociation reaction was built and the average calcu-
lated error of the fraction of methane contained in the hydrate at
different conditions was 4.8%.

When the system temperature was lower than 0 °C, because
of the formation of ice, the hydrate dissociation was con-
trolled by gas diffusion, and the hydrate dissociation process
was then treated as a moving boundary problem. The kinetic
model for hydrate dissociation considering mass transfer was
established and good agreements with experimental data were
achieved.
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Fluidization Quality Improvement for Cohesive Particles by Fine Powder Coating

Huie Liu, Yan Li, and Qingjie Guo*

State Key Laboratory of Heavy Oil Processing, College of Chemistry and Chemical Engineering,
China University of Petroleum, Dongying 257061, Shandong, P. R. China

A dry coating method via fine powder is used to improve the fluidization quality for cornstarch particles,
belonging to the Geldart C group, which cannot fluidize normally. Two kinds of SiO, fine powder are used
to coat cornstarch particles. Both a conventional fluidized bed and a magnetic fluidized bed (MFB) are employed
for the coating of cornstarch particles. The coating time ranges from 10 to 15 min in this study. The coated
particles are observed via the scanning electron microscope (SEM) images. Furthermore, the fluidization
behaviors of the coated particles are investigated. The results show that coating with fine SiO, powder is an
effective method to improve the fluidization quality of cohesive cornstarch particles. However, no significant
difference in fluidization quality is observed between particles coated in a conventional fluidized bed and

those coated in a MFB.

1. Introduction

Cohesive particles, most belonging to the Geldart C group,
are difficult to fluidize under normal conditions.! Slugs,
channels, and agglomerates are marked characteristics of their
fluidization behavior.? These characteristics bring the problem
of weak contact between gas and solids and limit the processing
of cohesive particles in fluidized reactors. Many researchers have
developed methods to solve the above problems, all of which
can be classified into two groups:? external method and intrinsic
method.

The external method employs external forces to overcome
the adhesion force between particles. For example, Chirone et
al.,>* Nowak et al.,’ Levy et al.,’ and Herrera et al.” introduced
an acoustic field into the bed. With the presence of an acoustic
field, the size of agglomerates, the minimum fluidization
velocity, and the entrainment of fine powder decreased. Mori
et al.,3 Dutaa et al.,’ Jaraiz et al.,'° Tang et al.,'' and Nam et
al.!? found that a vibrating field promoted the fluidization of
fine powder. Also, a magnetic field can significantly influence
the fluidization behavior of particles.!®!# Recently, magnetic
particles and a magnetic field were also applied to improve
fluidization quality of Geldart C powder.!5-10

The intrinsic method is altering the intrinsic properties of
particles. Kusakabe et al.!” used nitrogen as the fluid and found
that fine particles could be fluidized stably at reduced pressure.
A lot of experiments have demonstrated that the fluidization
quality of fine powder can improve significantly as another kind
of particle is added into the bed.>%!872! A great advantage of
this method is that no additional device is needed; thus, the
investment for equipment is low. Wang!® investigated the
fluidization behavior of four kinds of Geldart C powders,
CaCOs, Ni, a-FeO(OH), and y-Fe;O3, when adding group A,
B, C, and D particles, respectively. It is shown that each kind
of fine powder has an optimal match particle and an optimal
proportion for additive particles.

Cornstarch particle, a kind of Geldart C cohesive particle, is
employed in this investigation. It can be seen from the following

* To whom correspondence should be addressed. Mailing address:
College of Chemistry and Chemical Engineering, China University of
Petroleum, Beier Road 271#, Dongying 257061, Shandong, P. R. China.
Tel.: 86-546-8396753. Fax: 86-546-8391971. E-mail: qjguo@
mail.hdpu.edu.cn.

10.1021/ie050083y CCC: $33.50

work that this kind of particle is difficult to fluidize. Neverthe-
less, the fluidization of cornstarch particles is of important
significance for the pharmacy industry. In the present study, a
dry coating method via fine powder is developed to improve
the fluidization quality for cornstarch particle. Two different
kinds of coating methods were explored. One is coating in a
conventional fluidized bed, and the other is coating in a magnetic
fluidized bed (MFB). Moreover, the proportion of the fine
powder is changed to investigate the best matching.

2. Experiment

The experimental setup is shown in Figure 1. The fluidized
bed is made of glass with a height of 1.6 m and an inner
diameter of 0.056 m. A porous steel plate is used as a gas
distributor. A U-manometer is installed at the bed bottom to
measure the pressure drop across the bed. The fluidization gas,
air, is supplied with a compressor, and the gas flowrate is
measured with a rotameter. A 0.61 m high coil encircling the
bed is used to generate an axial magnetic filed through the bed.
The coil has an inner diameter of 0.14 m and an outer diameter
of 0.16 m. A HT102 type gaussmeter is used to measure the
magnetic flux density. Four kinds of particles are used in this
work. The physical properties of the materials used in the
experiment are listed in Table 1. Two kinds of particle size for
the cornstarch and SiO; are listed in the table, in which dj,; is
obtained from a Coulter LS-230 laser diffraction particle size
analyzer and d, is obtained by measuring from scanning
electron microscope (SEM) images. The particle sizes obtained
from the SEM images are given here because they will be used
for comparison with the coated particles in the following parts.
The particle size of magnetic particle is obtained through
screening. Figure 2 shows the particle size distributions of
cornstarch and the two kinds of SiO,.

The fluidization behaviors of pure cornstarch particles are
first investigated. The total weight of cornstarch particles used
is 140 g. In theory, the pressure drop can be calculated from
the weight of the particles above the manometer, i.e., Mg/4,
equaling 462.55 Pa. Under the same conditions, two curves of
pressure drop versus increasing gas velocity (exps 1 and 2) are
drawn, as shown in Figure 3. The line of theoretical pressure
drop is also shown in the figure. As expected, the pressure drop
first undergoes a sharp increase, to a highest value even much
higher than the theoretical pressure drop, and then a quick

© 2006 American Chemical Society
Published on Web 02/03/2006
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Figure 1. Schematic diagram of the experimental apparatus: (1) compres-
sor; (2) surge tank and desiccator; (3) rotameter; (4) coil; (5) fluidized bed;
(6) filter bag; (7) manometer.

Table 1. Physical Properties of the Experimental Materials

material dp1, um dp, um op, kg'm™3 o1, kgrm™3
cornstarch 13.47 10.7 444 564
1# SiO, 2.97 2.5 500 625
2# SiO, 8.56 10.0
Fe304 752.26 2000 2000

decline, to a lowest value near zero where an open valley forms.
Finally, the pressure drop continues to increase and becomes
relatively stable, and it is observed that the particles suffer plugs,
channels, and full fluidization states in turn. Moreover, the two
fluidization curves differ greatly in their configurations. These
are typical characteristics of cohesive particles.

To improve the fluidization quality, a dry particle coating
method, i.e., coating the cohesive cornstarch particles with
another kind of fine powder (SiO,), is used in this work. It is
expected that the surface property of the cohesive particles can
be modified when coated by fine powder, and thus, the
fluidization quality can be improved. The coating is performed
in a conventional bubbling fluidized bed and a preliminary study
for coating in a magnetic fluidized bed is also carried out. All
the work is aimed at improving the coating effect, thereby
enhancing the fluidization behavior of the cohesive particles.

3. Results and Discussion

3.1. Coating Cornstarch Particles with 1# SiO, Powders
and Fluidization of the Coated Particles. 3.1.1. Selection of
Coating Time. Cornstarch particles, mixed with the 1# SiO,
powder (dy1 = 2.97 um) in the proportion of 0.95:0.05 (wt),
are fed into the fluidized bed and fluidized for a certain period
of time to coat the cornstarch particles with the SiO, powder.
The gas velocity used in the coating process is 0.18 m-s™!. A
140 g portion of coated particles discharged from the bed is
used to observe the fluidization behaviors in a conventional
fluidized bed. Cornstarch particles coated for 5, 10, and 15 min
are investigated, respectively, and curves of the pressure drop
across the bed with increasing gas velocity are presented in
Figure 4. It is shown that, with the increase of gas velocity, the
fluctuation of the pressure drop for the coated particles is much
less than that of pure cornstarch particles, which indicates that
the coated particles can fluidize more smoothly. As expected,
the longer coating time used, the better the fluidization behavior
of the coated particles. However, no marked difference can be
observed when the coating time is longer than 10 min.
Accordingly, a coating time of 10—15 min is used in the
following experiments.

3.1.2. Coating in a Conventional Fluidized Bed and
Fluidization of the Coated Particles. Different proportions of
1# Si0; powders (dp1 = 2.97um), 1% (wt), 2% (wt), 3% (wt),
5% (wt), 8% (wt), 10% (wt), and 15% (wt) are used to blend
with the cornstarch particles. The coating is carried out in a
conventional fluidized bed without any magnetic particles and
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Figure 3. Fluidization curves of pure cornstarch particles.

magnetic field, with the gas velocity being 0.18 m*s™! and the
coating time being 15 min. A 140 g portion of coated particles
is used to investigate the fluidization behaviors. The curves of
pressure drop versus increasing superficial gas velocity for the
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Figure 4. Influence of coating time on fluidization behavior of coated
cornstarch particles.

seven groups of coated cornstarch particles are shown in Figure
5. The theoretical pressure drops are also illustrated in dashed
lines in Figure 5. The pressure drops go through an increase
and a decline and eventually arrive at a plateau. The plateau
values of the pressure drops are somewhat smaller than the
theoretical values. Probably, some elutriation of very fine
particles took place, and there were some errors in the pressure
drop measurement. It is obvious that the pressure drop curves
exhibit smaller fluctuation for the coated cornstarch particles
compared with that of the pure ones (as shown in Figure 3)
when the proportion of SiO, is higher than 1% (wt). The
fluidization behavior of cornstarch particles coated with 1% (wt)
Si0, is somewhat like that of pure ones, and the pressure drop
curve undergoes a sharp increase, a quick decline to a lowest
value near zero where an open valley forms, and finally a
plateau. This indicates that 1% (wt) is too low a proportion for
Si0; to improve the fluidization quality of cornstarch particles.
Under the conditions of 2—15% (wt) SiO, used for coating, no
significant slugs and channels are observed, suggesting that the
coating method does improve the fluidization quality for the
cornstarch particles. In this study, a superficial minimum
fluidization velocity, Unfsuper, 1S defined as the lowest superficial
gas velocity at which the pressure drop across the bed reaches
a plateau. The values of Ungsuper for the seven groups of particles
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Table 2. Superficial Minimum Fluidization Velocity for Figure 5

plot a b c d e f g
proportion of SiO3, 1 2 3 5 8 10 15
% (wt)

Uni, supers m-s™!

0.210 0.125 0.125 0.136 0.147 0.147 0.170

are measured in this study, as shown in Table 2, which reveals
that the Ungsuper has a lowest value. The pressure drop curves
tend to fluctuate sharply when the content of SiO, powder is
too low (such as 1% (wt)) or too high (such as 15% (wt)), which
means that the fluidization behavior of the cohesive particles is
undesirable when too little or too much fine powder exists. It
is anticipated that the state of the cornstarch particles changes
little when too little fine powder is blended and that the strong
adhesion force among the fine SiO; particles becomes dominant
when too much SiO; exists in the particle mixtures. With respect
to this study, 2% (wt) SiO, fine powder is an appropriate
proportion to coat the cohesive particles for approaching stable
fluidization.

To depict the coating effect, samples of pure cornstarch
particles and some coated ones (2% (wt), 5% (wt), 10% (wt),
and 15% (wt) SiO, powder is used, respectively) were observed
by a scanning electron microscope (SEM), and the images are
shown in Figures 6 and 7. It is clearly seen from Figure 7 that
some fine particles adhere to the surfaces of cornstarch particles,
and these fine particles should be SiO,. However, it also can
be seen that some SiO, powder exists among the cornstarch
particles, instead of adhering to the surfaces of cornstarch
particles. The more SiO, powder used, the more of it fails to
coat the surfaces of cornstarch particles. The average diameters
of the coated particles in Figure 7a—d are obtained by measuring
the particle size in the SEM images, being 11.6, 11.6, 11.4,
and 10.4 um, respectively. The particle sizes in Figure 7a—c
are larger than the average diameter of pure cornstarch particles
(i.e., 10.7 um from the SEM image). This indicates that some
SiO, powder does coat on the cornstarch particles, whereas,
for the size increase that is much smaller than 5 um (i.e., double
dp2 of Si03), most of the SiO, powder coating on the cornstarch
particles should be very fine, which indicates that a finer SiO,
powder may give a good coating effect. Thus, further research
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Figure 5. Fluidization curves of cornstarch particles coated with different proportions of 1# SiO,, without magnetic particles and a magnetic field: (a) 2%
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Figure 6. SEM image for pure cornstarch particles.

(b)

Figure 7. SEM images for cornstarch particles coated in a conventional
fluidized bed: (a) with 2% (wt) 1# SiO, powder; (b) with 5% (wt) 1# SiO,
powder; (c) with 10% (wt) 1# SiO, powder; (d) with 15% (wt) 1# SiO,
powder.

in this regard is needed. In Figure 7d, the average particle size
is slightly smaller than that of pure cornstarch particles. It is
expected that when 15% (wt) SiO, powder is used, much of it
fails to coat the surfaces of cornstarch particles. However, it is
difficult to distinguish the cornstarch particles and the small
SiO; particles in our measurement. The average particle size
we obtained is that of the particle mixture. Thus, the average
particle size decreases slightly.

3.1.3. Coating in a Magnetic Field and Fluidization of the
Coated Particles. Much work has been done on magnetic
fluidization of Geldart C particles.!>!® It was reported that
magnetic particles form a chain structure in a magnetic field,
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Figure 8. SEM image for cornstarch particles coated with 5% (wt) 1#
Si0; powder in a magnetic fluidized bed (B = 12.27 mT).

which splits the bubbles and eliminates the channels effectively.
Accordingly, a magnetic field improves the fluidization quality.
In the following work, magnetic particles and a magnetic field
are used to improve the fluidization quality of the particle
mixture of cornstarch and SiO; and thereby to improve the
coating effect.

The cornstarch particles mixed with various proportions of
1# Si0, powder (3%, 5%, 8%, 10%, and 15% (wt), respec-
tively), together with 10% (wt) magnetic particles, Fe;O4, are
fluidized in an axial uniform magnetic field for about 15 min,
thereby to coat the SiO, powder on the surfaces of cornstarch
particles. The magnetic flux density in the bed, measured by a
guassmeter, is 12.27 mT, and the gas velocity is 0.18 m-s™!.
The particle mixture is discharged afterward, separating the
magnetic particles from the coated cornstarch particles using a
magnet. A SEM image for a sample of the coated particles (with
5% (wt) SiO,) was shown in Figure 8. As has been pointed
out, Figure 7b gives the SEM image for cornstarch particles
coated in a conventional fluidized bed with the same mass
fraction of SiO». It can be seen that more very fine SiO; particles
exist among those large cornstarch particles in Figure 7b when
compared with Figure 8. This may indicate that more SiO,
particles coat on the cornstarch particles in Figure 8, because
the proportion of SiO, used is the same in these two figures.

The fluidization behaviors of these coated cornstarch particles
are also investigated. The curves for pressure drop across the
bed versus increasing gas velocity are presented in Figure 9,
with theoretical pressure drop curves in dashed lines. The
Unfsuper Values are summarized in Table 3. A comparison of
Unsuper Values in Tables 2 and 3 reveals that the Upfguper values
are very close under the same mass fraction of SiO, no matter
if the magnetic fields exist or not. This indicates that the
fluidization behavior of the cornstarch particles coated in a
magnetic fluidized bed is similar to that of those coated in a
conventional fluidized bed. Maybe, the size of the magnetic
particles used in the present work is not the appropriate one.
This calls for further efforts to investigate the fit size of magnetic
particles.

3.2. Adding 2# SiO; Powder and Fluidization of the
Particle Mixture. To clarify the advantage of the coating
method on improvement of fluidization quality for Geldart C
particles, 2# SiO, powder (d,1 = 8.56 um) is also used in this
study. It is expected that 2# SiO, powder may not coat
cornstarch particles for its size is too large and it may just act
as a kind of additive particle. Particle mixtures of cornstarch
and 2# SiO; are first blended in a conventional fluidized bed
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Figure 9. Fluidization curves of cornstarch particles coated with different proportions of 1# SiO,, with 10% (wt) magnetic particles and the magnetic flux

density being 12.27 mT.

Table 3. Superficial Minimum Fluidization Velocity for Figure 9

plot a b c d e

proportion of SiO, % (wt) 3 5 8 10 15
Un, super, m*s™! 0.136  0.136  0.136  0.159 0.170

or in a magnetic fluidized bed to realize full mixing. Two kinds
of mass fractions of 2# SiO,, 3% (wt) and 5% (wt), are
investigated in this study. The fluidization behaviors of the
mixed particles are studied, and the curves of pressure drop
across the bed versus gas velocity are shown in Figure 10, in
which the theoretical pressure drops are also marked in dashed
lines. The mixed particles can fluidize more stably than the pure
cornstarch particles, as shown in Figure 3. No significant
channeling was observed, and the mixed particles could eventu-
ally fluidize smoothly. These results show that adding 2# SiO,
powder can improve the fluidization behavior for cornstarch
particles. However, with an increase of the gas velocity, the
pressure drops across the bed first increase sharply to a
maximum value much higher than the theoretical one, as shown
in Figure 10. This phenomenon, corresponding to an obvious
plug state, is similar to that of the pure cornstarch particles.
Thus, the fluidization quality for cornstarch particles mixed with
2# SiO, powder is not as good as that for those coated with 1#
SiO, particles. The above evidence confirms that coating
cornstarch particles with 1# SiO, powder is more effective for
fluidization quality improvement than adding the larger one,
2# SiO, powder.
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Figure 10. Fluidization curves of cornstarch particles mixed with different
proportions of 2# SiO,: (a) without magnetic particles and a magnetic field;
(b) with the presence of 10% (wt) Fe3O4 magnetic particles and the magnetic
flux density being 12.14 mT.

4. Conclusions

The cornstarch particle used in this study is a typical Geldart
C cohesive particle, which cannot fluidize normally. Coating
with fine SiO, powder is an effective method to improve the
fluidization quality of the cohesive cornstarch particles. In the
present study, the following conclusions can be drawn: (1) The
longer coating time used, the better the fluidization quality for
the coated particles. However, no marked difference can be
observed when the coating time is longer than 10 min. (2) When
coating is carried out in a conventional fluidized bed, 2% (wt)
1# SiO, powder (d,; = 2.97 um) gives the best results for
fluidization quality improvement of cornstarch particles. (3) No
significant difference exists between the fluidization behavior
of particles coated in a magnetic fluidized bed and that of those
coated in a conventional fluidized bed. (4) Coating cornstarch
particles with 1# SiO; (dj; = 2.97 um) powder is more effective
for fluidization quality improvement than adding 2# SiO; (dj,
= 8.56 um) particles.
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Nomenclature

A = cross sectional area of the fluidized bed, m?

B = magnetic flux density, T

dy1 = average particle diameter obtained from Coulter LS-230
laser diffraction particle size analyzer, um

dp> = average particle diameter measured from SEM images,
um

g = acceleration of gravity, 9.81 m-s™2

M = the total particle weight above the manometer in smooth
fluidization, kg

Un, super = superficial minimum fluidization velocity, m-s™!

pp = bulk density of particle, kgrm™3

pr = tap density of particle, kg-m™3
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Effect of Water Content on the Solubility of CO; in the Ionic Liquid [bmim][PFg]

Dongbao Fu, Xuewen Sun, Jinjun Pu, and Suoqi Zhao*

State Key Laboratory of Heavy Oil, China University of Petroleum, Beijing, 102249, China

The solubility of CO; in the ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PFs]) and
the liquid-phase molar volume were determined, in a precision high-pressure PVT apparatus, for water mass
fraction of [bmim][PFs] ranging from 0.0067 % to 1.6 % and over temperature and pressure ranges of (40 to 60)
°C and (1 to 25) MPa. The deviation in solubility, at the same temperature and pressure, with different water
mass fractions was not more than 15 %, and the average is 6.7 %. Solubility pressures were correlated with an
average relative uncertainty of about 1 % by means of the extended Henry’s law for all water mass fractions

investigated at less than 6 MPa.

Introduction

Tonic liquids (IL), holding great potential as replacements for
traditional organic solvents, have attracted more and more
attention due to their lack of volatility and other unique
characteristics.!™> However, separation and recovery of IL is
one of the major challenges in future industry applications.
Distillation, liquid—liquid extraction, and supercritical fluid
extraction are known feasible separation methods. Distillation,
a reasonable option owing to no appreciable vapor pressure of
IL, would not be prudent for thermally labile or low-volatility
products. Cross-contamination between the phases presents a
problem for liquid—liquid extraction.®” Comparatively, super-
critical fluid extraction with CO, can be used to separate both
volatile and relatively nonvolatile organic compounds from ionic
liquids without any IL contamination.®* Knowledge of the phase
behavior of the CO, + IL systems, which is a crucial aspect of
this methodology, has been the focus of much research in recent
years.10-24

Several research groups studied the effect of water content
on the solubility of CO, in some IL. Blanchard et al.!? reported
solubility data of CO; in [bmim][PF¢] with two different water
mass fractions (0.15 % and 2.3 %). Those data were measured
at 40 °C and less than 10 MPa. They concluded that drying of
IL samples prior to use was crucial as a small amount of water
in the IL had a dramatic effect on the phase behavior with CO,.
Aki et al.?? reported solubility data of CO, in 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonylimide) ([bmim]-
[T£,N]) with two different water mass fractions (0.045 % and
1.35 %). Those solubilities were measured at 25 °C and less
than 7 MPa. They concluded that the presence of water had
essentially no effect on the solubility of CO, in [bmim][Tf,N].
Baltus et al.?? studied the solubility of CO, in several ionic
liquids at 25 °C with pressures at or less than 0.1 MPa. The
data, which were measured with a quartz crystal microbalance,
indicated that humidity had a small effect on the solubility of
CO; in [bmim][Tf,N] and 1-octyl-3-methylimidazolium bis-
(trifluoromethylsulfonylimide) ([Csmim][Tf;N]). Scovazzo et
al.>* measured the Henry’s constants of CO, + [bmim][PF]
and CO, + 1-ethyl-3-methylimidazolium bis(trifluoromethyl-
sulfonylimide) ([emim][Tf;N]) for both dry and water-saturated
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sqzhao@cup.edu.cn. Tel:
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ionic liquids at 30 °C and less than 0.1 MPa. The results
indicated that moisture had a small effect on the solubilities.
To sum up, there are different conclusions about the effect of
water content on the solubility of CO; in ionic liquids, and no
systematical exploration has been carried out.

It is almost inevitable for ionic liquid [bmim][PFs] to absorb
moisture in industrial processes due to its hydroscopic property.
The question arises as how the water content affects the phase
behavior. In this work, phase behavior data are reported for the
system of CO, + [bmim][PFs] within water mass fraction of
[bmim][PF¢], temperature and pressure ranges of (0.0067 to 1.6)
%, (40 to 60) °C, and (1—25) MPa, respectively.

Experimental Section

Materials. CO;, with a purity of 99.995 % was supplied by
Beijing Analytical Instrument Factory. 1-Methylimidazole (99
% purity) and potassium hexafluorophosphate (98 % purity)
were used as received from Fluka. 1-Bromobutane was analysis
reagent grade and produced by Beijing Chemical Reagent
Factory. [bmim][PF¢] was synthesized and characterized fol-
lowing procedures reported elsewhere.?>2¢ Five samples of
[bmim][PF¢] with different water mass fractions were prepared
by different pretreatment. [bmim][PF] with water mass fraction
of 0.0067 % was obtained by contacting the sample with water
mass fraction 0.15 % with 3 A molecular sieve, 0.15 % by
vacuum-drying at 80 °C for 48 h, 0.89 % by injection of
quantitative water into the sample with water mass fraction 0.15
%, 1.6 % by centrifugal separation between wet IL and water
at ambient temperature 16 °C, and 2.2 % by separatory funnel
separation between wet IL and water at ambient temperature
24 °C. It is noteworthy to mention that sample with water mass
fraction of 2.2 % is not a true solution and, therefore, was not
included as a part of this study. Water mass fraction of this
sample declined to 1.1 % after 40 min and 2000 revolution/
min centrifugal separation at ambient temperature 24 °C. All
the water concentrations were measured by Karl Fischer
analysis. Sample density measurements were performed at 40
°C, and ambient pressure with AP PAAR density meter DMA
48. The results were shown in Table 1.

Apparatus and Procedure. The main apparatus is a Ruska
PVT 2730—601 device, which is shown schematically in Figure
1. The model 2730 PVT system is a high precision instrument

© 2006 American Chemical Society
Published on Web 02/16/2006
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vent

Figure 1. Schematic diagram of Ruska PVT 2730-601: 1, CO; reservoir; 2, pump cell shutoff valve; 3, temperature and pressure transducer; 4, pump cell;
5, pump piston; 6, sapphire tube; 7 and 14, stirring magnet; 8 and 13, stirring collar; 9, oven RTD; 10, charging valve; 11, floating piston cell shutoff valve;
12, floating piston; 15, floating piston cell; 16, heater; 17, thermostat; 18, hydraulic oil; 19, digital positive placement pump.

Table 1. Densities of [bmim][PF¢] (1) with Different Water (2) Mass
Fractions w; at 40 °C and Ambient Pressure

pretreatment w2 p/(gem™3)
3 A molecular sieve 0.0067 % 1.3587
vacuum-drying 0.15 % 1.3576
water injection 0.89 % 1.3473
centrifugal separation 1.6 % 1.3355

used to perform volumetric and phase behavior studies. The
system is based on a unique dual-cell arrangement where the
main cell volume is varied by the vertical movement of a
dynamically sealed piston driven by a computer-controlled
stepping motor. The second cell contains a floating piston
operated by an external pump. The cells are connected by small-
bore tubing through a sapphire sight glass at the top of the main
cell and placed in a constant-temperature bath. This configu-
ration allows phase volume measurements to be made by
positioning the phase boundary at a reference point in the sight
glass. The computer then automatically calculates the volumes
above and below the reference point. The maximum pressure
accessible with this apparatus is 68.9 MPa. The resolutions of
pressure, volume, and temperature in the system are 0.007 MPa,
0.01 mL, and 0.1 °C, respectively.

A static method, one of the commonly used techniques,? 102022
was used to determine the solubility of CO; in [bmim][PFs]
with different water concentrations. In a typical experiment,
known amounts of CO, and [bmim][PFs] were metered into
the main cell while the sample within was vigorously stirred to
ensure equilibrium. Up and down stirring mode of the PVT
apparatus was helpful to reach equilibrium quickly. The criterion
of reaching phase equilibrium was invariable whole volume over
40 min in the constant pressure mode. Subsequently, the liquid-
phase volume was determined at constant pressure. The
composition of the IL-rich liquid phase was calculated on the
basis of material balance, along with the assumption of a pure
CO; vapor phase. This assumption was verified by experiments
done by many researchers.8~!1-14 In addition, water in [bmim]-
[PF¢] can hardly enter CO,-rich phase due to strong hygroscop-
icity of [bmim][PFs] and very low solubility of water in CO,,
even at high pressures.?’ For example, the water mass fraction
of sample was merely reduced to 1.5 % from 1.6 % after
experiments at 60 °C and (1 to 9) MPa. The estimated
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uncertainties in the calculated liquid-phase mole fractions and
liquid molar volumes are £+ 0.001 and £+ 0.1 mL/mol,
respectively, based on propagation of random errors in the
measurements of the pressures, volumes, and temperatures.

Results and Discussion

The phase behavior of CO, + [bmim][PF¢] systems with
different water contents was determined by the static method.
The results are presented in Table 2, which give a systematical
knowledge about how pressure, temperature, and water content
affect the solubility of CO; in [bmim][PF¢] as well as the liquid
molar volume.

The solubility of CO; in [bmim][PFs] with water mass
fraction of 0.15 % is illustrated in Figure 2 where the mole
fraction of CO; in the IL-rich phase is plotted as a function of
pressure. As can be seen from Figure 2, the solubility increased
dramatically with increasing pressure at pressure < 10 MPa,
increased slowly and then more at > 10 MPa, and increased
very little at > 15 MPa. As expected, the solubility decreased
with an increase in temperature, but the temperature dependence
is quite small over the temperature and pressure range studied.

Figure 3 shows the P—x diagram of CO, + [bmim][PFs]
systems with different water contents at 50 °C, from which can
be seen that the mole fraction of CO; decreased regularly with
an increase in water mass fraction at the same temperature and
pressure. Also, this figure indicates that influence of water
content on the solubility is not so significant throughout the
temperature and pressure range investigated, which can be
clearer for mole fraction CO; calculated on a basis of water
free (i.e., the formula xco, = nco,/(nco, + mL + nu,o) turned
into xco, = nco,/(nco, + ni)). The deviation in solubility, at
the same temperature and pressure, with different water mass
fraction investigated was not more than 15 %, and the average
is 6.7 %. On the water free basis, the average deviation reduced
to 3.9 %. Figure 4 was provided for contrast, in which mole
fraction CO, was calculated with the latter formula.

The solubility pressures were correlated by means of the
extended Henry’s law?” for all water mass fractions investigated
at pressures less than 6 MPa. It should be noticed that solubility
must be on the molality scale for better linearity. Henry’s
constants resulting from the correlations were given in Table



Table 2. Mole Fraction Solubility of CO; (2) x; in [bmim][PFg] (1)
with Different Water (3) Mass Fractions w3 and Liquid Molar
Volumes V}, at (40, 50, and 60) °C

1=140°C 1=50°C 1=60°C
P an Vln Kﬂ
w3 MPa x; mL'mol™! x mLmol™! x; mL:mol™!
0.0067 % 1 0.129 187.2 0.112 192.7 0.099 195.3
2 0215 169.7 0.200 176.2 0.179 178.8
3 0.288 156.3 0.271 162.7 0.243 168.3
4 0356 144.7 0.331 151.1 0.301 157.7
5 0412 136.8 0.383 141.9 0.350 148.5
6 0.456 129.9 0.425 135.9 0.391 140.8
7 0.490 124.3 0.465 128.3 0.426 135.0
8 0.510 121.4 0.492 123.6 0.454 130.3
9 0.529 117.2 0.514 120.3 0.478 125.8
0.15% 1 0.131 183.0 0.110 183.6 0.094 196.5
2 0.232 165.2 0.197 168.4 0.171 183.1
3 0312 151.4 0.268 157.9 0.235 171.0
4 0376 139.8 0.324 150.3 0.290 161.2
5 0427 131.0 0.374 141.9 0.335 153.2
6 0.469 123.8 0.416 134.7 0.375 146.0
7 0.503 118.2 0.451 128.4 0.408 139.9
8 0.525 115.3 0.479 123.5 0.436 135.1
9 0.554 109.1 0.499 120.3 0.460 131.3
10 0.571 105.4 0.519 117.5 0.481 127.7
12 0.626 92.3 0.553 110.3 0.510 121.8
15 0.641 90.2 0.570 107.1 0.541 115.7
20 0.648 88.2 0.590 103.2 0.564 111.1
25 0.658 86.2 0.606 99.9 0.580 107.7
0.89 % 1 0.116 169.6 0.096 171.5 0.082 179.2
2 0.205 1564  0.174 159.5 0.152 167.9
3 0.278 145.1 0.240 149.4 0.211 158.4
4 0339 135.6 0.296 140.9 0.262 150.5
5 0.390 127.9 0.345 133.5 0.307 143.4
6 0432 121.5 0.386 127.2 0.346 137.2
7 0.466 116.5 0.421 122.0 0.379 132.1
8 0.492 1124  0.448 117.7 0.407 127.9
9 0.504 110.8 0.467 114.8 0.429 124.6
1.6 % 1 0.126 151.8 0.108 155.1 0.083 161.5
2 0215 139.0 0.183 144.9 0.161 149.3
3 0.280 130.3 0.246 136.5 0.220 140.7
4 0338 122.7 0.297 129.5 0.274 133.1
5 0.386 116.6 0.343 123.4 0.320 126.8
6 0.426 1124 0.380 118.5 0.358 121.5
7 0.455 108.3 0.410 114.9 0.390 117.3
8 0.467 107.5 0.429 112.9 0.417 113.5
9 0473 107.5 0.452 109.9 0.441 110.5

@ x5, mole fraction CO; in the liquid phase; xo = ny/(n + ny + n3). ws,
water mass fraction of the [bmim][PF¢] + water mixture; ws = ms3/(m; +
m3). Vi, liquid molar volumes; Vi, = Viiquia/(m + na + n3).

3. From Table 3, one can concluded that the Henry’s constant
increased with an increase in temperature. However, there was
no obvious regularity about the influence of water content on
Henry’s constant.

The solubility of CO; in [bmim][PFs] has been reported by
several research groups.'%20-2228 The results obtained at 40 °C
in this work are compared with those reported by various
research groups in Figure 5. Our results agree well with the
values reported by Kamps et al.?’ over all the pressure range.
From Figure 5, one can also conclude that the solubility results
for CO; in [bmim][PF¢] from various research groups are not
in good agreement. The discrepancy in the solubility measure-
ments may be related to the instability of [PFs] anion,?? different
experimental techniques, uncertainties, impurities, and so on.

Another value measured in this work was the molar volume
of the liquid phase, which can reflect liquid expansion. The
volume of normal organic liquids will increase significantly by
addition of CO,. For example, a liquid composition of 0.74 mole
fraction COs, for toluene + CO; system at 40 °C and 7 MPa,
will give a 134 % increase in the volume of liquid phase. But
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Figure 2. Solubility of CO; (2) in [bmim][PFe] (1) with water mass fraction
0.15%: M, ¢t=40°C; @, t=50°C; A, =60 °C.
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Figure 3. Solubility of CO; (2) in [bmim][PFs] (1), calculated by the
formula xco, = nco,/(nco, + ni. + nu,0), with different water mass fractions
at 50 °C: W, 0.0067 %; @, 0.15 %; A, 0.89 %; V¥, 1.6 %.
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Figure 4. Solubility of CO, (2) in [bmim][PFs] (1), calculated by the
formula xco, = nco,/(nco, + niL), with different water mass fractions at 50
°C: W, 0.0067 %; ®, 0.15 %; A, 0.89 %; ¥, 1.6 %.

lack of significant expansion of the liquid was found for CO,
dissolved in [bmim][PF¢]. Simultaneously, molar volumes of
the liquid phase decrease dramatically with increasing CO»
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Table 3. Henry’s Constants of CO; (2) in [bmim][PF¢] (1) with
Different Water (3) Mass Fractions w3 at (40, 50, and 60) °C and
Pressures Less than 6 MPa“

Henry’s constant/MPa-kg-mol™!

w3 t=40°C t=50°C t=160°C
0.0067 % 2.05+0.02 2.33+£0.02 2.71 £0.02
0.15% 1.91 £ 0.02 2.36 £0.02 2.77 £0.02
0.89 % 1.96 £ 0.01 2.39+£0.01 2.84 £0.02
1.6 % 1.83 £0.03 2.21£0.04 244 £0.03
@ On the molality scale.
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Figure 5. Comparison of the solubility of CO; (2) in [bmim][PFs] (1) at
40 °C with literature data (water mass fraction = 0.15 %): W, this work;
O, Kamps et al.;2% A, Blanchard et al.;'° V, Liu et al.;2® &, Aki et al.22
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Figure 6. Liquid-phase volume expansivity, based on change in total
volume as defined by eq 1, of the system CO; (2) + [bmim][PF¢] (1) with
different water mass fractions at 40 °C: W, 0.0067 %; @, 0.15 %; A, 0.89
%; ¥, 1.6 %.

solubility, as can be seen from Table 2. The effect of water
content on the volume expansion can be seen from Figure 6
and Figure 7. There are two definitions of liquid-phase volume
expansion.?? One definition is based on the change in absolute
volume of the liquid:

M_ VL(T> P,xl) - VZ(T’ PO)

Vv VAT, Py) )

where V1 is the total volume of the liquid mixture at a given
temperature and pressure and /5 is the volume of the liquid at
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Figure 7. Liquid-phase volume expansivity, based on change in molar
volume as defined by eq 2, of the system CO; (2) + [bmim][PF¢] (1) with
different water mass fractions at 40 °C: W, 0.0067 %; @, 0.15 %; A, 0.89
%; ¥, 1.6 %.

the same temperature and ambient pressure. The other is based
on the change in molar volume:

AV, VT, P,x)) — VT, Py)
V., VT, Py)

m

()]

where both 7 and 7 are corresponding molar volume. Volume
expansivity in Figure 6 was calculated with eq | and in Figure
7 with eq 2. It should be noticed that mole number of water
must be taken into account for molar volume, at 40 °C, and
ambient pressure, calculated from density data in Table 1.

The unusual phase behavior of CO, + IL systems may be
explained by the unique structure of ionic liquids. The phase
behavior of CO;, + IL is very different from that of normal
organic liquids + CO; systems. Although large amounts of CO,
dissolve in ionic liquids at low pressure, no mixture critical point
appears even at extremely high pressures (such as 310 MPa).!?
Volume of IL-rich phase barely increases even when large
amounts of CO, dissolve in the liquid phase. Henry’s law,?
equation of state,'* and regular solution theory?*? used in
modeling at present are difficult to explain these unusual
phenomena. But they are easy to understand with a view to the
unique structure of IL. IL were composed of organic cations
asymmetric in space and anions, which resulted in very low
melting points. Also, the asymmetry of the cations and the strong
Coulombic forces between the ions dominated the phase
behavior of CO; + IL systems. The asymmetry of the cations
inevitably led to large but finite interspaces between ions, which
was the cause that CO, could dissolve in IL largely but finitely.
The strong Coulombic forces between the ions resulted in the
extremely low solubility of IL in CO, and minor volume
expansion of the liquid phase. Since the two phases can never
become identical in composition and density even at extremely
high pressures, a mixture critical point can never be reached.
On the basis of this comprehension, a simple and effective model
may be established to describe the phase behavior of CO, and
IL.

Conclusions

The solubility of CO; in the IL [bmim][PFs] and the liquid-
phase molar volume were determined for water mass fraction
of [bmim][PF¢] ranging from 0.0067 % to 1.6 % and within
temperature and pressure ranges of (40 to 60) °C and (1 to 25)
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MPa. The deviation in solubility, at the same temperature and
pressure, with different water mass fraction was not more than
15 %, and the average is 6.7 %. Solubility pressures were
correlated with an average relative uncertainty of about 1 % by
means of the extended Henry’s law for all water contents
investigated at relatively low pressures.

Literature Cited

(1) Brennecke, J. F.; Maginn, E. J. Ionic liquids: innovative fluids for
chemical processing. AIChE J. 2001, 47, 2384—2398.

(2) Welton, T. Room-temperature ionic liquids: solvents for synthesis
and catalysis. Chem. Rev. 1999, 99, 2071—2083.

(3) Wasserscheid, P.; Keim, W. Ionic liquids—new “‘solutions” for
transition metal catalysis. Angew. Chem., Intl. Ed. 2000, 39, 3773—
3789.

(4) Seddon, K. R. Ionic liquids for clean technology. J. Chem. Technol.
Biotechnol. 1997, 68, 351—356.

(5) Olivier, H. Recent developments in the use of non-aqueous ionic liquids
for two-phase catalysis. J. Mol. Catal. A 1999, 146, 285—289.

(6) Huddleston, J. G.; Willauer, H. D.; Swatloski, R. P.; Visser, A. E.;
Rogers, R. D. Room-temperature ionic liquids as novel media for
‘clean’ liquid—liquid extraction. Chem. Commun. 1998, 16, 1765—
1766.

(7) Earle, M. J.; Seddon, K. R.; McCormac, P. B. The first high yield
green route to a pharmaceutical in a room-temperature ionic liquid.
Green Chem. 2000, 2, 261—262.

(8) Blanchard, L. A.; Hancu, D.; Beckman, E. J.; Brennecke, J. F. Green
processing using ionic liquids and CO,. Nature (London) 1999, 399,
28—29.

(9) Blanchard, L. A.; Brennecke, J. F. Recovery of organic products from
ionic liquids using supercritical carbon dioxide. /nd. Eng. Chem. Res.
2001, 40, 287—292.

(10) Blanchard, L. A.; Gu, Z.; Brennecke, J. F. High-pressure phase
behavior of ionic liquid/CO; systems. J. Phys. Chem. B 2001, 105,
2437-2444.

Wu, W.; Zhang, J.; Han, B.; Chen, J.; Liu, Z.; Jiang, T.; He, J.; Li,
W. Solubility of room-temperature ionic liquid in supercritical CO,
with and without organic compounds. Chem. Commun. 2003, 12,
1412—1413.

Anthony, J. L.; Maginn, E. J.; Brennecke, J. F. Solubilities and
thermodynamic properties of gases in the ionic liquid 1-N-butyl-3-
methylimidazolium hexafluorophosphate. J. Phys. Chem. B 2002, 106,
7315—7320.

(13) Husson-Borg, P.; Majer, V.; Costa Gomes, M. F. Solubilities of oxygen
and carbon dioxide in butyl methyl imidazolium tetrafluoroborate as
a function of temperature and at pressures close to atmospheric
pressure. J. Chem. Eng. Data 2003, 48, 480—485.

Shariati, A.; Peters, C. J. High-pressure phase behavior of systems
with ionic liquids: measurements and modeling of the binary system
fluoroform + 1-ethyl-3-methylimidazolium hexafluorophosphate. J.
Supercrit. Fluids 2003, 25, 109—117.

Shariati, A.; Peters, C. J. High-pressure phase behavior of binary
systems of carbon dioxide and certain ionic liquids. Proceedings of
the 6th International Symposium on Supercritical Fluids; 2003; pp
687—691.

()]

(12)

(14)

1s)

169

(16) Shariati, A.; Peters, C. J. High-pressure phase behavior of systems
with ionic liquids: II. The binary system carbon dioxide + 1-ethyl-
3-methylimidazolium hexafluorophosphate. J. Supercrit. Fluids 2004,
29, 43—48.

Shariati, A.; Peters, C. J. High-pressure phase behavior of systems
with ionic liquids: Part III. The binary system carbon dioxide +
1-hexyl-3-methylimidazolium hexafluorophosphate. J. Supercrit. Flu-
ids 2004, 30, 139—144.

Costantini, M.; Toussaint, V. A.; Shariati, A.; Peters, C. J.; Kikic, I.
High-pressure phase behavior of systems with ionic liquids. 4. Binary
system carbon dioxide + 1-hexyl-3-methylimidazolium tetrafluorobo-
rate. J. Chem. Eng. Data 2005, 50, 52—55.

Kroon, M. C.; Shariati, A.; Costantini, M.; van Spronsen, J.; Witkamp,
G.-J.; Sheldon, R. A.; Peters, C. J. High-pressure phase behavior of
systems with ionic liquids. 5. The binary system carbon dioxide +
1-butyl-3-methylimidazolium tetrafluoroborate. J. Chem. Eng. Data
2005, 50, 173—176.

Kamps, A. P. S.; Tuma, D.; Xia, J.; Maurer, G. Solubility of CO; in
the ionic liquid [bmim][PFe]. J. Chem. Eng. Data 2003, 48, 746—
749.

a7

(18)

(19)

(20)

(21) Anthony, J. L.; Anderson, J. L.; Maginn, E. J.; Brennecke, J. F. Anion
effects on gas solubility in ionic liquids. J. Phys. Chem. B 2005, 109,
6366—6374.

(22) AKki, S. N. V. K.; Mellein, B. R.; Saurer, E. M.; Brennecke, J. F. High-
pressure phase behavior of carbon dioxide with imidazolium-based
ionic liquids. J. Phys. Chem. B 2004, 108, 20355—20365.

(23) Baltus, R. E.; Culbertson, B. H.; Dai, S.; Luo, H.; DePaoli, D. W.
Low-pressure solubility of carbon dioxide in room-temperature ionic
liquids measured with a quartz crystal microbalance. J. Phys. Chem.
B 2004, 108, 721—727.

(24) Scovazzo, P.; Camper, D.; Kieft, J.; Poshusta, J.; Koval, C.; Noble,
R. Regular solution theory and CO; gas solubility in room-temperature
ionic liquids. Ind. Eng. Chem. Res. 2004, 43, 6855—6860.

(25) Bonhote, P.; Dias, A.; Papageorgiou, N.; Kalyanasundaram, K.;
Gratzel, M. Hydrophobic, highly conductive ambient-temperature
molten salts. Inorg. Chem. 1996, 35, 1168—1178.

(26) Dupont, J.; Consorti, C. S.; Suarez, P. A. Z.; de Souza, R. F.
Preparation of 1-butyl-3-methyl imidazolium-based room-temperature
ionic liquids. Org. Synth. 2002, 79, 236—241.

(27) King, M. B.; Mubarak, A.; Kin, J. D.; Bott, T. R. The mutual
solubilities of water with supercritical and liquid carbon dioxides. J.
Supercrit. Fluids 1992, 5, 296—302.

(28) Liu, Z. M.; Wu, W. Z.; Han, B. X; Dong, Z. X.; Zhao, G. Y.; Wang,
J. Q.; Jiang, T.; Yang, G. Y. Study on the phase behaviors, viscosities,
and thermodynamic properties of CO,/[C(4)mim][PFs]/methanol
system at elevated pressures. Chem.-Eur. J. 2003, 9, 3897—3903.

(29) Camper D, Scovazzo P, Koval C, Noble R. Gas solubilities in room-
temperature ionic liquids. /nd. Eng. Chem. Res. 2004, 43, 3049—3054.

Received for review July 1, 2005. Accepted January 23, 2006. Financial
support from the National Natural Science Foundation of China (Grants
20276038 and 20490209) are gratefully acknowledged.

JE0502501



Journal of Dispersion Science and Technology, 27:677-687. 2006
Copyright © Taylor & Francis Group, LLC

ISSN: 0193-2691 print/1532-2351 online

DOI: 10.1080/01932690600660616

Taylor & Francis
Taylor & Francis Group

Studies on Properties of Interfacial Active Fractions from Crude

and Their Effect on Stability of Crude Emulsions
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The influence of indigenous interfacial active fractions from crude on the interfacial property
between water and crude and its effect on stability of crude emulsions were studied. It is found
that the carboxylic acids in the fractions of asphaltene from Gu Dong”], Gu Dong"4 crude, the
resin from Da Qing crude, and the fatty acid in the fractions of saturate from Da Qing crude
are responsible for decreasing the interfacial tension between the crude oils and water. These
acids have relatively smaller molecule mass, more branch chain, and more oxygen, but they are
not able to stabilize emulsion formed by model oil and water. It is the acids with relatively
larger molecule mass that are responsible for stabilizing the emulsions. For model oil and
alkali solution system the salt or soap formed by fast reaction of the acid, ester with relatively
smaller molecule mass, and alkali are responsible for decreasing the interfacial tension
between crude oil and water. The salt or soap formed by slow reaction of the acid, ester
with relatively larger molecule mass, and alkali are responsible for stabilizing crude oil
emulsions.

Keywords Crude oil emulsions, interfacial active fraction, interfacial tension, emulsion stability

INTRODUCTION

Crude oil is a mixture of aliphatic, aromatic hydrocarbons and
oxygen-, nitrogen-, and sulphur-containing compounds such as
resin and asphaltene. There is no doubt that the interfacially
active components come from resin and asphaltene of the crude
oils.”) Asphaltene fraction from crude oils can be adsorbed at
the interface between oil and water and form stable film to stabil-
ize crude emulsions.” Resin and asphaltene are polymeric,
containing polyaromatic structures, and possess structural simi-
Jarities.!"] The asphaltenes contain large condensed aromatic
rings compared to resins.””) The stability of water-in-crude-oil
emulsions depends on the total structure of the molecular matrix
of the interfacially active components, size, aromaticity, and
types of carbonyl functionality, and other functional groups in
the bulk play important role in the total stability of the emulsions.

Alkali reacts with the acidic components in crude oils to
form interfacially active to components that accumulate at the
oil-water interface and facilitates the formation of emulsion’”
in alkaline-surfactant-polymer (ASP) flooding. The stability
of this emulsion depends on the concentration of the reser-
voir-formed alkali-oil surfactant at the interface. This again
depends on the concentration of the potential acidic com-
ponents from crude oils that form interfacially active soap

Address correspondence to Mingyuan Li, EOR Research Center,
University of Petroleum Beijing, Beijing 102249, China. E-mail:
myli@public3.bta.net.cn

componenls."‘] However, Da Qing crude oil contains very
little asphaltenes (paraffinic crude oil) and has a lower acid
number when sodium hydroxide used as the alkaline com-
ponent the recovery of crude was enhanced and the oil recov-
ered also contained stable water-in-crude-oil emulsion.

In order to study the formation of crude oil emulsions and
the, effect of alkali reactions with the interfacially active
fractions from crude oil on the stability of emulsions, the
saturate, aromatic, resin, and asphaltene fractions from a
crude oil in Da Qing oil field and two Gu Dong crude oils
from Sheng Li oil field in China were first separated. Then
the acid number and molecular weight determinations of the
fractions were made to evaluate the properties of the fractions.
The correlations between the physical properties and molecular
parameters such as molecular weight and functional groups
were explored. Furthermore, the fractions were then used to
prepare model oils with additive-free jet fuel. The interfacial
tension and interfacial shear viscosity between the model oils
and alkali solution and the stability of the emulsions formed
with the model oils and alkali solution were determined.

EXPERIMENTAL SECTION

Separation of Crude Oil Fractions
The interfacially active fractions of saturate, aromatic, resin,
and asphaltene used in these experiments were separated from
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Da Qing and Gu Dong crude oils. The separation of asphaltene
fractions from the crude oil was carried out by pentane precipi-
tation. A 100 g amount of crude oil was agitated with 3000 mL
of pentane at room temperature for 30 min. The mixture was
then left to stand for 15 days. The precipitated asphaltene
fraction was filtered, washed with a small portion of pentane,
and dried. The filtrate from the above was then poured on a
column containing Al;O5. The saturate fraction was extracted
by 8000mL petroleum ether, the aromatic fraction was
extracted by 8000mL benzene, the resin 1 fraction was
extracted by 4000mL benzene/ethanol (benzene/ethanol
ratio: 1/1, v/v), and the resin 2 fraction was extracted by
4000 mL ethanol. The separation scheme is presented in
Figure 1.

Molecular Weight and Content of Oxygen

The relative molecular weight of the fractions was measured
by the vapor pressure osmometry (VPO) method using a mol-
ecular weight meter (Knauer, Germany). The oxygen of the
fractions was determined by elementary analysis using a
Vario EL (Elementar Analysen Systeme, Germany).

Model Emulsions and Measurement of Interfacial
Properties

The water used in the experiments was double-distilled
water or alkaline solution. The alkaline solution used for Gu
Dong model oils is 1.2% Na,CO; solution and for Da Qing
model oils it is 1.2% NaOH solution. The alkaline solutions
were prepared with double-distilled water. A jet fuel without

Crude oil

Pentane
[nsolubl Soluble
Asphaltene AlO,
Petroleum ether Benzen Benzine/ethano Ethanol

|Rcsinl | |Resin2j

’ Saturate ‘ | Aromatic

M. LLET AL.

any additives from a refinery was used as the dispersion
medium of the model oils. The jet fuel was purfied by silica
adsorption before the experiments were carried out. The com-
position of the model otls is shown in Table 1. The weight per-
centage of each fraction is selected to represent the weight
percentage of the fraction (around 10%) in the crude oils
(Table 2). This would allow us to compare the stability of
emulsions formed between model oils containing the fractious
and the chemical solutions. From Table 1 it can be seen that the
crude model oil contains 10% of the crude oils in the jet oil and
the saturate model oils contain 4.59%, 4.02%, and 6.43%
saturate fractions from Gu Dong”l, Gu Dong”4, and Da Qing
crude oils, respectively.

The model emulsions were prepared by mixing the model
oils and alkaline solution (o/w ratio: 2/8, v/v) in a 50 mL
cylinder. The emulsification was carried out by shaking the
cylinder 50 times at 60°C. The emulsification was done twice
every day, and the stability of the emulsions was determined
visually by measuring the water separated from the emulsions
at 60°C as a function of time. The emulsion stability exper-
iments were carried out for 84 days. This would allow us to
investigate the effect of reaction time of the alkali on the prop-
erties of the model emulsions.

Interfacial tension between the model oils and distilled
water or the alkaline solution was measured by a spinning
drop interfacial tension meter (JJ2000A, Shanghai, China) at
45°C. The interfacial shear viscosities were measured using
an SVR-S Interfacial Viscoelastic Meter (Kyowa Kagaku
Co. Ltd., Japan)™® at 25°C.

RESULTS AND DISCUSSION

Physical Properties of Crude Fractions

The composition of the crude oils is given in Table 2. The
content of asphaltene fraction in Gu Dong *1 and Gu Dong
#4 crude oils is 14.43% and 11.35% but it is only 0.09% in
Da Qing crude oil. Da Qing crude contains more saturate
fraction than Gu Dong crude oils. Because the resin 2
fraction was too little to do experiments with, resin 1 fraction
was presented as the resin fraction in this article.

Table 3 shows that the saturate fraction from Da Qing crude
oil contains the most oxygen (0.375g in 100g crude oil),
FIG. 1. Separation of crude oil fractions. followed by the asphaltene fractions from Gu Dong #) and
TABLE
Composition of model oil (wt%)
Crude oil Saturate Aromatic Resin | Asphaltene

Gu Dong *1 10.00 4.59 2.25 1.49 .44

Gu Dong 4 10.00 4.02 2.19 1.49 1.14

Da Qing 10.00 6.43 1.52 141 0.01
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TABLE 2 TABLE 5
Composition of crude oil fractions Acid number of crude oils and their fractions
wi% Fractions Gu Dong 1 Gu Dong *4 Da Qing
Fraction Gu Dong "1 Gu Dong "4 Da Qing  Saturate 2.397 3.014 0.4760
Aromatic 5.386 5.242 1.039
Saturate 47.08 46.54 68.09  Resin 6.001 8.002 5.10]
Aromatic 23.65 28.18 1725 Asphaltene 16.45 8.378 4213
Resin 1 14.73 13.8] 1447 Crude oil 3.640 3217 05174
Resin 2 0.11 0.12 0.10
Asphaltene 14.43 11.35 0.09
the resin fraction from Da Qing crude o1l contains the
highest acidic oxygen components among the-fractions from
the crude oil.
TABLE 3
Oxygen in crude oil fractions INTERFACIAL TENSION
Oxygen in 100 g crude oil/g The interfacial tension between the model oils and aqueous
phases is shown in Table 6. It shows that the interfacial tension
Fraction Gu Dong "1 Gu Dong "4 Da Qing  between the model oils and alkaline solutions (y,/s) is lower
than the interfacial tension between the same mode] oil and dis-
Saturale' 0.118 0.140 0375 titled water (y,/w)- This indicates that all of the fractions from
Aromatic 0.170 0.211 0.086  he crude oils reacted with the alkali to form intefacially active
Resin 1 0.194 0.264 0214 mponents and these components are more interfacially
Asphaltene 0.316 0.317 0.001

Gu Dong #4 crude oils. The asphaltene fraction from Da Qing
crude oil contains only 0.001 g oxygen in 100 g crude oil.

The molecular weight and acid number of the fractions are
given in Tables 4 and 5. It is clear that the molecular weight of
the fractions is in the order of saturate < aromatic < resin <
asphaltene for the three crude oils and the molecular weight
of the crude oils is close to their saturate fraction.

The values presented in Table 5 clearly show that the
acid number of the fractions is in the order of saturate <
aromatic < resin < asphaltene for Gu Dong crude oils. The
order is the same as the order of molecular weight of the frac-
tions. The acid number of the fractions from Da Qing crude oil
is in the order of saturate < aromatic < asphaltene < resin. It
seems that the resin fraction contains more acidic matter than
the asphaltene fraction in Da Qing crude oil.

The above facts indicate that the asphaltene molecules are
large and polyaromatic and contain the highest acidic oxygen
components among the fractions for Gu Dong crude oils and

active than the indigenous interfacially active components in
the crude oil. Therefore, the interfacial tension was decreased.

It is interesting to note that the interfacial tension between
the asphaltene model oils and Na,COs; solution is lower than
that of the crude model oils and the alkaline solution for Gu
Dong *1 and Gu Dong *4 crude oils, and the interfacial
tension between asphaltene model oil and Na,COj; solution
for Gu Dong *I crude oil is very low (0.056-
0.0053 mNm ™). It appears that the formation of interfacially
active components is very significant in the reaction of the
alkaline and asphaltene fraction. It is clear that the asphaltene
fraction dominates the interfacial tension between crude model
oil and the alkaline solution in comparing the interfacial
tension between other fraction model oils and alkaline
solution for Gu Dong crude oils. For Da Qing crude oil the
resin fraction dominates the interfacial tension between crude
model oil and NaOH solution. From Tables 3 and 5 it is
clear that the asphaltene fraction of Gu Dong crude oils
contains more oxygen and has higher acid number and the
resin fraction of Da Qing crude oi]l contains more oxygen
and has higher acid number than the other fractions. It seems

TABLE 4
MW of crude oils and their fractions
Crude oils Saturate Aromatic Resin 1 Asphaltene Crude oil
Gu Dong *1 434 601 1025 1499 433
Gu Dong 4 503 728 1117 1308 427
Da Qing 485 773 1396 2433 480
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TABLE 6
Interfacial tension between model oils and aqueous phase (45°C)
Model oil
Crude oils Saturate Aromatic Resin 1 Asphaltene Crude oil
Gu Dong *1 wt % 4.60 253 1.46 1.44 10.00
Yorw/mN-m~' 3570 24.52 22.76 19.38 11.89
Yoys/mN-m ™! 13.36 5.61 4.63 0.056 0.93
wt % 3.00 3.00 3.00 3.00 3.00
Yoyw/mN-m ™" 33.03 17.90 15.78 12.75 19.27
Yoss/mN-m ™" 11.22 437 3.12 0.0053 0.762
Gu Dong *4 wt% 4.02 2.19 1.38 1.14 10.00
Yo/w/mN-m™" 33.55 18.85 18.36 16.90 17.21
Yoss/mN-m ™" 9.12 7.11 430 0.86 L7
wt% 3.00 3.00 3.00 3.00 3.00
Yoyw/mN-m ™! 30.07 14.42 13.33 7.03 2148
Yoss/mMN-m ™! 10.45 5.32 2.62 043 1.35
Da Qing wi% 6.66 1.58 1.45 0.10 10.00
Yoy /MmN -m ™! 39.96 33.57 21.63 33.68 30.46
Yoss/mN-m ™! 18.31 11.97 8.24 12.81 4.04
wt% 3.00 3.00 3.00 3.00 3.00
Yosw/mN-m ™" 36.51 30.24 26.34 2822 29.40
Yoys/mN - m* 14.68 10.30 2.64 407 2.86

that the interfacially active components formed in the reaction
of the alkali and the acidic oxygen components in asphaltene
or resin fractions contribute to decreasing the interfacial
tension.

INTERFACIAL SHEAR VISCOSITY

Figures 2-4 show that the interfacial shear viscosity
between asphaltene or resin model oil and alkaline solution
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FIG. 2. Interfacial shear viscosity between 2% asphaitene model oil

(Gu Dong"1) and distilled water/1.2% Na,CO, solution, 25°C.

is higher than that of the model oils and distilled water. It is
clear that the interfacially active components formed in the
reaction of the alkali and asphaltene or resin fraction are accu-
mulated at the interface and the interfacial film has higher
mechanical strength.[sl

Figures 5-7 show that the interfacial shear viscosity
between asphaltene model oils and Na,CO; or NaOH
solution has the highest value among the model oils and the
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(Gu Dong"4) and distilled water/1.2% Na,COj solution, 25°C.

173



STUDIES ON PROPERTIES OF INTERFACIAL ACTIVE FRACTIONS

0.05 |
»

‘E

2 004r —m— 1.2% NaOH

E —e— distilled water

|

£ 003} T

0

O

2 \

>

£ 002l Y

] .

= e, N

» \. .\.

B o01| ~. S

(0 \.‘.

t \ ——
2 oo

£ 0.00 ——o—0o—0—*

1 ] 1 A 1 1 " 1
0.0 01 0.2 0.3 0.4 0.5
Shear rate/rad s

FIG. 4. Interfacial shear viscosity between 2% resin model oil (Da Qing)

and distilled water/1.2% NaOH solution, 25°C.

atkaline solutions measured. These indicate that the interfacial
film of the interfacially active components formed in the
reaction of asphaltene fractions and alkaline solutions has the
highest mechanical strength and is able to enhance the stability
of w/o emulsions. Because the asphaltene fraction has the
largest molecular weight it is obvious that the interfacially
active components formed in the reaction have larger mol-
ecules than those formed in the reaction of the alkali with
other fractions. This proves that the interfacially active com-
ponent has larger molecules and is able to form more stable
interfacial film and emulsions. It should also be noted that
the interfacial shear viscosity of the film decreases as the
shear rate increases. This phenomenon shows that the film
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FIG. 5. Interfacial shear viscosity between model oil (Gu Dong"1) and

1.2% Na,CO, solution, 25°C.
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was structured and the structure was broken down as the
shear stress was increased.

Figures 8—10 show that the interfacial shear viscosity
between the mode] oils prepared with deasphalted crude oil
and alkaline solutions is lower than that of crude model oil
and the alkaline solutions and the interfacial shear viscosity
increases with the concentration of the crude oils in the jet
fuel oil. This is a further indication that the asphaltene
fraction contributes to the formation of interfacially active
components and enhances the strength of the film.

All these experimental results proved that the interfacial
film of the interfacially active components formed in the
reaction of asphaltene fractions and alkaline solutions has the
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highest mechanical strength and that the asphaltene fraction
dominates the properties of the interfacial film when the
alkaline solution was the aqueous phase.

STABILITY OF EMULSIONS

The stability of asphaltene model oil emulsions and crude
model oil emulsions of Gu Dong®l crude oil are presented in
Figures 11 and 12. When distilled water was the aqueous
phase both asphaltene model oil and crude model oil were
unable to form stable emulsions as the oils and the water
reacted in 54 days. When 1.2% Na,CO; solution was the
aqueous phase there was no water separated from asphaltene
model oil emulsions and crude model oil emulsions after a
period of 7 and 3 days’ reaction respectively of the oil and
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FIG. 9. [Interfacial shear viscosity between crude model oil (Gu Dong"4)

and 1.2% Na,CO; water solution, 25°C.
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FIG. 10. - Interfacial shear viscosity between crude model oil (Da Qing)
and 1.2% NaQH water solution, 25°C.

water. In contrast, the saturate, aromatic, and resin model
oils tested in the same manner were not able to form stable
emulsions even after two months of reaction. It is clear that
the asphaltene fraction is responsible for stabilizing Gu Dong "
crude oil emulsions when Na,CQO; was used. This result is
well supported by the measurement of interfacial shear vis-
cosity of asphaltene model oil and the alkaline solution that
we discussed above. This result also shows that the reaction
of asphaltene and Na,CO; may progress slowly until all of
the possible acidic oxygen is replaced by sodium atoms.

Figures 13 and 14 show results similar to Figures 11 and 12.
It is also the asphaltene fraction that dominates the stability of
Gu Dong"4 crude oil emulsions in the same manner as Gu
Dong®l crude oil emulsions. The difference between Gu
Dong®l and*4 crude oils is that the asphaltene and crude
model oil emulsions of Gu Dong*4 crude oil are more stable
than those of Gu Dong”1 crude oil when distilled water was
the aqueous phase.

Comparing the interfacial tension, interfacial shear vis-
cosity, and physical properties of the fractions from Gu Dong
crude oils the study shows clearly that the asphaltene fractions
from Gu Dong crude oils have more polar, larger, and more
acidic components than the other fractions. These character-
istics can also be generalized to asphaltenes from other crude
oils. The components in the asphaltene fraction react with
Na,COj solution and form soap-like interfacially active com-
pouents that accumulate at the oil/water interface and form
rigid film around water droplets. Therefore, the film is able
to prevent the coalescence of the droplets. The result also
reveals that the mechanical strength of the interfacial film
can increase with the residence time of the sodium carbonate
solution in the reservoir.

The emulsions of Da Qing crude oil have different charac-
teristics than those of Gu Dong crude oils. Figures 15 and {6
show that saturate and resin fractions reacted with NaOH are
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able to form more stable emulsions than the asphaltene
fraction from Da Qing crude oil. Saturate and resin fractions
contribute to stabilizing the crude oil emulsion after a period
of reaction with NaOH. Like asphaltene model oil, the
aromatic model oil tested in the same manner were not
able to form stable emulsions after 84 days of reaction
with NaOH.

INTERFACIAL ACTIVE FRACTIONS

Table 7 shows IR parameters of crude oils and their frac-
tions. The band at 1380cm™ is C-CHj; symmetric and at
1460cm™ is C-CH; and methylenic asymmetric,
Aj3g0/Alseo is a measure indicating the degree of branch.
The bond at 1600cm™" is conjugated C—=C and aromatic
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Stability of the emulsion formed from asphaliene model oil (Gu Dong”1) and distilled water (A) and 1.2% Na,CO; water solution (B), 60°C.

C=C, and Ai600/A(1600+1460) is a measure of the degree of aro-
maticity. Carbonyl stretching absorption appears in the range
1750-1650cm ™}, and A(1750~1650)/ A(1600+1460) 1S a measure
of the content of carbonyl in the hydrocarbon. The band at
1100cm ™} is ether -O- linkage, and Aj100/A(1600+1460) 15 @
measure of the content of ether in the hydrocarbon. The band
at 3200cm™! is OH su'etching, and A3200/A0600+l460) is a
measure of the content of acid, alcohol, and phenol in the
hydrocarbon.

The data in Table 7 show that the asphaltene fractions from
Gu Dong crude oils have a higher degree of branch and aroma-
ticity and higher content of carbonyl, ether, acid, and acid
number (Table 5) than other fractions. When asphaltene
model oil reacted with Na,CO; solution for a few days the
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system could not form stable emulsion, but the interfacial
tension between the model oil and the alkaline solution is
very low (Table 6). These phenomena indicate that the car-
boxylic acids with relatively smaller molecular mass can
react with NayCOy quickly and decrease the interfacial
tension but cannot stabilice the emulsion. Caly the substance
formed by slow reaction of the acid, ester with relatively
larger molecular mass, and alkah is cesponsible for stabilizing
the emulsions.

Like the asphaliene fraction from Gu Dong crude oils it is
easy 10 understand why the resin fraction from Da Qing
crude oil reacted with NaOH can stabilize crude il
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emulsion. The tesin fraction has a higher degree of branch
and aromaticity, higher content of carbonyl, ether, and acid
(Table 7), and the highest acid number (Table 5) among the
fractions from Da Qing crude oil, and the interfacial tension
between resin model oil and NaOH solution has the lowest
value of 2.64 mNm ™' (Table 6). [t is clear that the interfacially
active components were formed by the acidic components in
the resin fraction reacted with NaOH. However, what arc the
components in saturate fraction reacted with NaOH and how
do they stabilize the emulsion? As a paraffinic erude oil Da
Qing crude oil contains 8 large saturate fraction (68.09%,
Table 2). The saturate fraction contains the highest oxygen of
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0.375 g (Table 3) in 100 g crude oil and the Jowest acid number
of 0.476 (Table 5). The interfacial tension between saturate
model o0il of Da Qing crude oil and NaOH solution is the
highest, 14.68—18.31 mNm ™" (Table 6). It is obvious that it
is not only the acidic components but also some other sub-
stances in the saturate fraction reacted with NaOH, and the
components formed in the reaction are less interfacially
active than the components formed in the reaction of resin
fraction and NaOH.

To study the properties of the components formed in the
reaction of saturate and NaOH, the interfacial tension, inter-
facial shear viscosity during the reaction process, and
infrared spectra of saturate fraction and the components
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Stability of the emulsion formed with saturate model oil (A) and asphaltene model oil (B) (Da Qing) and 1.2% NaOH water solution, 60°C.

formed were measured. The interfacial tension between
saturate mode] oil and NaOH solution changing with reaction
time is shown in Figure 17. The figure shows that interfacial
tension decreased from the first day of the reaction. The inter-
facial tension decreased quickly in the first week and slowly
during the following eight weeks.

The change of interfacial shear viscosity between the saturate
model oil and NaOH solution during the first week is shown in
Figure 18. An increase of the interfacial shear viscosity with
reaction time confirms the formation of the interfacially active
components again. Furthermore, the fact that the interfacial
shear viscosity between the model oil and NaOH solution
?’ecrcased with the increase of shear rate indicates the
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TABLE 7
[R parameters of fractions and crude oils
Ao/ Aqir3o issand Aol Axzonf
Crude oils Fractions Apsoffise Ao o v Agraos 146 Apgoosres) Ao 1ot
GuDong'l  Saturste 0463 - 0.037 0.031 -
Aromatic 0.479 0.166 0,090 0088 0.021
Resin 1 0.696 0355 0.385 0.201 0.204
Asphaltene 0.769 0,356 0435 o 0254
Cruds oil 0.626 0.148 0023 0030 0033
GuDong™  Sstucate 0.390 - 0.003 0002 -
Aromatic 0.394 0127 0062 0049 0015
Retin | 0.546 0.265 0264 0,095 0.150
Asphaliene 0,676 0303 0421 0213 0.232
Crude oil 0.595 0.154 0084 0074 0028
Da Qing Saturate 0.369 _ 0.052 0.044% -
Aramatic 0.386 0.162 0.199 0067 0.024
Resin | 0.440 0.237 0.336 0123 0.069
Asphalicne 0.584 0,262 0.112 0107 0.052
Crude oil 0.510 0.108 007 0020 0019

interfacially active components form a network at the interface.
This prowves the interfacial Alm foamed by the interfacially active
components has some strength and is able to stabilize emulsions.

The IR spectroscopy in Figure 19(b) shows that the absorp-
tion at 1563¢m™" indicates the presence of COO groups in
the componcnt and the absorption at 1100cm ™" is due to the
C-0 sireiching vibration of the carboxylic groups. This
shows that there are sodium salts or soaps formed in the
reaction of saturate fraction and NaOQHl, These salis or soaps
may be fomed by the rcaction of NaOFH with the acidic com-
poncnts and ester in the saunate fraction. Because the salis or
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FIG. 17,  tneerfacial mosion changing with reacrion time (309 sanurate
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179

soaps lormed in the reaction have long hydrocarbon chains
the salts or soaps are more ofl $oluble and less interfacially
active than the components formed in the reaction of resin
fraction and NaOH,

The study above shows that the ASP flooding process in the
reservoin provides a long enough time to form interfacially
active components, such as salt or soap, by the reaction of
alkali with the acidic or nonacidi¢ components in asphaltene,
resin, and saturation fractions. These interfacially active mol-
ccules jare responsible for providing stability for the water-
in-cruda-oil emulsion,
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FIG. 19. IR spectroscopy of sawrate fraction (A) and the interfacially
active components (B) formed in the reaction of saturate and NaOH.

CONCLUSION
Based on this study it is found that the carboxylic acids in
the fractions of asphaltene from Gu Dong’l, Gu Dong”4
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crude, the resin from Da Qing crude, and the fatty acid in the
fractions of saturate from Da Qing crude are responsible for
decreasing the interfacial tension between the crude oils and
water. These acids have relatively smaller molecular mass,
more branch chains, and more oxygen, but they are not able
1o stabilize emulsions formed by model oil and water. It is
the acids with relatively larger molecular mass that are respon-
sible for stabilizing the emulsions. For model oil and alkali
solution system the salt or soap formed by fast reaction of
the acid, ester with relatively smaller molecular mass, and
alkali is responsible for decreasing the interfacial tension
between crude oil and water. The salt or soap formed by
slow reaction of the acid, ester with relatively larger molecular
mass, and alkali is responsible for stabilizing crude oil
emulsions.
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Abstract

An crosslinked polyethylene glycol (PEG) membrane was prepared for fluid catalytic cracking (FCC) gasoline desulfurization. Sulfur enrichment
factor come to 4.75 and 3.51 for typical FCC gasoline feed with sulfur content of 238.28 and 1227.24 .g/g, respectively. Pervaporation performance
of membranes kept stable within the long time run of 500h, which indicated that crosslinked PEG membranes had the property of resisting
pollution. Judging from chromatographic analysis, the membranes were more efficient for thiophene species. Effects of operation conditions
including permeate pressure, feed temperature, feed flow rate and feed sulfur content level on the pervaporation performance were investigated.
Permeation flux decreased with increasing permeate pressure while increased with the operating temperature increase. Sulfur enrichment factor
increased firstly and decreased then when permeate pressure and temperature rose. The peak value occurred at 10.5 mm Hg and 358 K for model
compounds feed (378 K for FCC gasoline feed). Arrhenius relationship existed between flux and operating temperature. Both sulfur enrichment
factor and flux were shown to increase with increasing feed flow rate. Permeation flux increased while sulfur enrichment factor decreased as the
feed sulfur content increased, but the influence of increasing sulfur content on pervaporation performance weakened when sulfur content come to

600 pg/g.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Pervaporation; FCC gasoline; Deep desulfurization; PEG; Sulfur

1. Introduction

Environmental concerns have resulted in legislation which
places limits on the sulfur content of gasoline. In the European
Union, for instance, a maximum sulfur level of gasoline has been
restricted to 50 ppm by the year of 2005. Sulfur in gasoline is a
direct contributor of SOy emissions [1,2]. FCC gasoline is major
source of sulfur and contributes heavy amount of the gasoline
pool, especially in China. National standard of China for sulfur
content of gasoline is 800 wg/g, which is far higher than devel-
oped countries. Technical development for deep desulfurization
of FCC gasoline is urgent and attracting increasing attention.

A number of solutions have been suggested to reduce sulfur
in gasoline, but none of them proven to be ideal. Since sul-
fur in the FCC feed is the prime contributor of sulfur level in

* Corresponding author. Tel.: +86 546 8391029/13706364264;
fax: +86 546 8391971.
E-mail addresses: kongy @hdpu.edu.cn, yingkong @sohu.com (Y. Kong).

0376-7388/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2006.02.022
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FCC gasoline, an obvious approach is hydrotreating the feed.
While hydrotreating allows the sulfur content in gasoline to be
reduced to any desired level, installing or adding the necessary
hydrotreating capacity requires a substantial capital expendi-
ture and increased operating costs. Further, alkene and cyclic
alkane are susceptible to hydrogenation during hydrotreating.
This leads to a significant loss in octane number since alkene
and cyclic alkane mean higher octane number than paraffin.
Application of membrane technology in petrochemical field
provides a newly efficient approach for the separation of organic
mixture and has gained increasing attention of membrane and
petrochemical field. Gasoline desulfurization by membrane pro-
cess is newly emerged technology. It is an incorporate process
of pervaporation and vapor permeation. The process involves
contacting a gasoline feed with a membrane having sufficient
flux and selectivity to separate a sulfur deficient retentate frac-
tion from a sulfur enriched permeate fraction. Sulfur deficient
retentate fractions are useful directly into the gasoline pool.
Sulfur enriched permeate fractions need further treatment by
conventional process. Membrane processing offers a number
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of potential advantages over conventional sulfur removal pro-
cesses, including greater selectivity, lower operating costs, easily
scaled operations, adaptability to changes in process streams and
simple control schemes [3].

Little has been reported on the selective permeation of sulfur
containing compounds using a membrane separation process.
With regard to previous research, most of them were for patents
or patents applications. These patents mainly involve in the fol-
lowing three companies: W.R.Grace, ExxonMobil Research and
Engineering Company and Marathon Oil Company. Industri-
alization of this sulfur removal technology will produce enor-
mous economic effect and provide an extraordinarily efficient
approach for deep desulfurization of FCC gasoline.

Membrane is the core and key point of the membrane technol-
ogy for deep desulfurization of FCC gasoline. This project was
supported by Science and Technology Risk Innovation Fund of
CNPC. In this study, crosslinked PEG membranes were devel-
oped for deep desulfurization of FCC gasoline. We will report
the pervaporation and desulfurization performance of the mem-
branes under various conditions.

2. Experimental
2.1. Materials

PEG (20000) was purchased from the Shanghai Reagent Fac-
tory. Gasoline feed with higher sulfur content level was obtained
from Shenghua Refinery (China) and lower sulfur content level
from Dushanzi Petrochemical Plant (China). Both the gasoline
feed were after alkali cleaning process. Other chemicals used
were of analytical reagent (A.R.) grade from Tianjin Chemical
Reagent Factory and used without further purification.

2.2. Membrane preparation

The PEG polymer mixed with maleic anhydride as crosslink-
ing agent and trimethylamine as catalyst dissolved in N-
methyl pyrrolidone (NMP) to form a homogenous solution of
12wt.% polymer at room temperature. Various crosslinking
agentamount and crosslinking time were to control the density of
crosslinking. Then, the solution, after filtration and degassing,
was cast onto a glass plate using a casting knife. Then they
were cast onto polyethersulfone UF membrane. The cast film
was placed in an oven at 363 K for some time to crosslink and
to evaporate the solvent, and then the membrane was dried at
the room temperature in vacuum drying oven at least 24 h. All
membrane samples were stored in dust-free and dry environ-
ment before used in the pervaporation experiments. The active
layer has a thickness of about 20 um. Membranes involved in
the paper are shown in Table 1.

2.3. Pervaporation apparatus

The schematic pervaporation apparatus is shown in Fig. 1.
The permeation cell was made of stainless steel and the mem-
brane was supported on a porous titanium disc with an effective
membrane area of 20.45 cm?. Pervaporation experiments were

Table 1

Some parameters of the membranes involved in the paper

Membrane  Amount of crosslinking ~ Amount of catalyst Crosslinking
no. agent (Wt.%) agent (Wt.%) time (min)

1 14.09 3.23 30

I 16.1 3.69 60

carried out by maintaining on one side of the membrane gaso-
line or model compounds feed at atmospheric pressure and on
the other side (permeate) a reduced pressure of not more than
35 mm Hg. Feed flow was heated to constant temperature before
entering the permeation cell by high-performance oven.

2.4. Analysis

The permeated vapor was collected in liquid nitrogen traps.
About 2 h after starting the pervaporation process, the feed tem-
perature was stable and a mass transfer equilibrium was deemed
to have been established. The cold trap was exchanged every
hour and the permeate was thawed and poured back into the
feed tank to limit the loss of sulfur compounds from the feed.
During the third hour, permeate was collected and samples from
the feed tank were taken for analysis. Every data point in this
manuscript was gained by considerable PV experiments using
multiple pieces of membrane for every membrane preparation
conditions until the experimental error meets the following state-
ment.

Each sample quality determination was based on three or
four different weight analysis by electronic balance device with
the precision accuracy of 0.001. The total flux was determined
gravimetrically with an experimental error of 1-2%. The flux,
J, at a steady state was obtained by

4
At
where, Q is the total amount permeated during the experimental
time interval, ¢, at steady state and A is the effective membrane
area. Flux or J used in the paper means total permeation flux if
no special clarification.

The total sulfur content of feed and permeate was analyzed by
Micro-Coulometric Analysis Instrument (Jiangsu, China). Each
sulfur concentration determination was based on three or four

J==(kgm2h7h

Fig. 1. Schematic diagram of experimental apparatus for pervaporation. 1, feed
tank; 2, feed pump; 3, pervaporation cell; 4, pressure manometer; 5, cold trap;
6, vacuum pump.
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Fig. 2. The effect of permeate pressure (P) on J and « (P <1 mm Hg).

different injections. The values of sulfur content varied by 1-3%.
The sulfur enrichment factor, «, is defined as
/

W Ca

Ca
where, Cp and CfA are the total sulfur content of feed and per-
meate samples, respectively. Components analysis of feed and
permeate samples was carried out by Varian3800 gas chromatog-
raphy (GC) equipped with a 3 m long column with pulsed flame
photometric detector (PFPD). And enrichment factor for every
component is defined as the ratio of peak area. Each sample anal-
ysis was based on three or four different injections. The values
of components concentration varied by 2-5%.

3. Results and discussion

3.1. Effects of operating conditions on pervaporation
performance

Membrane I was used for in the next pervaporation research
if no special clarification. Feed flow rate was 1.2 L/h in the paper
if no special clarification.

3.1.1. Effects of permeate pressure

Permeate pressure has great influence on pervaporation per-
formance since it is an important driving force source for
mass transfer and heat transfer [4]. If the desulfurization per-
formance can fulfill under the higher permeate pressure, load
of vacuum pump will decreased greatly at industrialization
stage. Figs. 2 and 3 reveal the effect of permeate pressure
on pervaporation performance at 373 K with 1464.1 ng/g sul-
fur content level in the model compounds feed (thiophene and
n-heptane).

From Fig. 2, under lower permeate pressure, flux decreased
with increasing permeate pressure since there was a reduction
of driving force for transport of components. Similar results
were reported by a number of researches [5,6]. And the sulfur
enrichment factor increased when permeate pressure increased.
Reasons were similar to the next explanations of Fig. 3. However,
the decrease of flux and increase of sulfur enrichment factor
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Fig. 3. The effect of permeate pressure (P) on J and « (P>1 mm Hg).

was not large under rigorous vacuum state (permeate pressure,
<1 mmHg).

From Fig. 3, under higher permeate pressure, flux decreased
with increasing permeate pressure for the same reason. How-
ever, sulfur enrichment factor was susceptible to the increase
of permeate pressure, increased firstly and decreased then.
At permeate pressure of 10.5 mmHg, sulfur enrichment fac-
tor met its peak value. Table 2 shows that the decrease speed
of flux of sulfur species was larger than that of hydrocar-
bon species, at 10.5mmHg particularly. Since the saturated
vapor pressure or partial vapor pressures of n-heptane is
lower than that of thiophene, an increase of permeate pressure
slowed down evaporation of n-heptane relatively and caused
a increase of sulfur enrichment factor. But with the contin-
uous increase of permeate pressure, the difference of evap-
oration and permeation capacity weakened. Due to higher
concentration at the feed side, heptane’s permeation amount
increased relatively and caused a decrease of sulfur enrichment
factor.

3.1.2. Effects of feed temperature

The influence of feed temperature on pervaporation per-
formance for model compounds feed is given in Fig. 4, at
I mmHg permeate pressure with 1464.1 pg/g sulfur content
level in the model compounds feed (thiophene and n-heptane).
As expected, when temperature was increased, the total per-
meation flux increased, but sulfur enrichment factor increased
firstly and decreased then. At 358 K, sulfur enrichment factor
met its peak value.

Table 2
Comparison of permeation flux between sulfur and hydrocarbon components
Permeate Flux of n-heptane J; Flux of thiophene J, Jo x 100/J;
pressure (kg/m2 h) (kg/m2 h)
(mmHg)
0.9 0.71 0.015 2.09
5.5 0.46 0.0109 2.36
8.0 0.29 0.00764 2.61
10.5 0.13 0.00458 3.54
20.0 0.068 0.00161 2.37
34.0 0.037 0.000841 2.26
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Fig. 4. The effect of feed temperature on J and o (model compounds feed).

Temperature affected the transport of components in the lig-
uid feed and in the membrane. Both mass transfer coefficient of
components in the liquid and sorption of components into the
membrane increase with feed temperature [7,9]. In addition, the
polymer chains were more flexible at higher temperature and
caused larger available free volume of polymer matrix for dif-
fusion. Increase of feed temperature enhanced the driving force
source of mass transfer and the saturated vapor pressure of com-
ponents at permeate side and availed components in permeating
through the membrane. By all given reasons, flux increased with
temperature. However, the continuous increase of feed tempera-
ture weakened the difference of solubility and diffusion velocity
of sulfur and hydrocarbon species, and caused the decrease of
sulfur enrichment factor.

Comparison of permeation flux of sulfur and hydrocarbon
components availed the understanding of above results. From
Fig. 5, increase velocity of flux for sulfur components was
lager than that of hydrocarbon components at lower tempera-
ture for the stronger affinity between sulfur species and mem-
brane, which caused increased sulfur enrichment factor. How-
ever, higher feed temperature weakened the influence of affinity.
Considering the higher concentration of hydrocarbon compo-
nents in the feed, lager increase velocity of flux for hydrocarbon
components caused the decrease of sulfur enrichment factor.
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Fig. 5. The comparison of permeation flux of sulfur and hydrocarbon species
(J1, flux of hydrocarbon species; J, flux of sulfur species).
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Fig. 6. Arrhenius relationship between heptane flux and temperature with vari-
ous feed sulfur level.

The relationship between the permeation flux and operating
temperature can normally be expressed by the Arrhenius-type
formula: J=A exp(—Ep/RT), where A is the pre-exponential fac-
tor, E,, the activation energy of pervaporation, R the gas constant,
and T is the absolute temperature [7—11]. Fig. 6 shows the rela-
tionship between logarithm of flux and reciprocal of absolute
temperature for different feed. Sound linearity existed between
the two parameters.

Fig. 7 revealed the influence of temperature on pervaporation
performance for gasoline feed. The result was similar to that of
Fig. 4 except that peak value occurred at 378 K. Since sulfur
species in FCC gasoline mostly are methyl thiophene whose
boiling point is higher than thiophene, higher temperature was
needed to increase the driving force of permeation.

3.1.3. Effect of feed flow rate

Flux and sulfur enrichment factor both increased with the
increase of feed flow rate as shown in Fig. 8, due to the
decrease of concentration polarization and temperature polar-
ization, at 373 K, 1 mm Hg permeate pressure and 1397.2 ng/g
sulfur content level in the model compounds feed (thiophene and
n-heptane). In general, the concentration of sulfur compounds
which were the more permeable components was lower on the
membrane surface than that in the bulk phase. A reduction of
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Fig. 7. The effect of feed temperature on J and « (FCC gasoline feed).
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Fig. 9. The effect of feed sulfur level on J and «.

concentration polarization means that sulfur concentration near
the membrane surface was close to that in the bulk. The increase
of sulfur concentration on the membrane surface with the feed
rate enhanced sulfur compounds sorption and swelling in the
membrane such that the flux increased. A reduction of tempera-
ture polarization means that the temperature near the membrane
surface was close to that in the bulk. Then due to the increase of
the driving force for mass transfer, the sulfur enrichment factor
increased. The above results and analysis indicated that the oper-
ation of pervaporation system at high flow rate was an advantage.

3.1.4. Effect of feed sulfur content level
Considering the various sulfur content level of worldwide
refineries, Fig. 9 reveals the influence of feed sulfur content
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Fig. 10. The effect of long time operation on J and «.

level on pervaporation performance, at 373 K, 1 mm Hg perme-
ate pressure with the model compounds feed (thiophene and
n-heptane).

From Fig. 9, an increase of sulfur content in feed resulted
in a sharp increase of total flux and a sharp decrease of sul-
fur enrichment factor. When the sulfur content in feed was
increased, an extensive swelling of the membrane occurred
due to the strong affinity of sulfur to the membrane. Conse-
quently, total flux increased due to the enhanced activity of
polymer chains and bonds. Hydrocarbon compounds are nor-
mally difficult to diffuse into the non-swollen membrane while
they can diffuse easily through swollen membrane. Therefore,
sorption selectivity toward sulfur decreased with increasing sul-
fur content in feed. However, the influence of increasing sulfur
content on pervaporation performance weakened when sulfur
content come to 600 pg/g. Since the occurrence of swelling
balance in the membrane and the saturated sulfur concentra-
tion on the surface of the membrane, flux and sulfur enrichment
factor changed little with the increasing sulfur content level of
feed.

3.1.5. Effect of long time operation

During the long time operation of 500 h, pervaporation per-
formance was stable relatively except at the beginning time as
shown in Fig. 10, which indicated that this kind of membrane
had the property of resisting pollution. After some time of run,
swelling balance of the membrane led to stable flux and sulfur
enrichment factor. Experiments were conducted at 373 K feed
temperature, 1 mm Hg permeate pressure and 1327.5 pg/g sulfur
content level in gasoline feed.

Table 3
Desulfurization performance for FCC gasoline of high sulfur content
Membrane no. Feed type Sufur content of feed (ug/g) Sulfur enrichment factor o Flux J (kg/m? h)
I 1# 1227.24 2.10 2.33
2# 565.61 4.83 0.64
3# 1035.86 3.05 1.81
I 1# 1227.24 3.51 0.85

1#: FCC gasoline (full boiling range); 2#: FCC gasoline fraction (boiling range lower than 393 K); 3#: FCC gasoline fraction (boiling range lower than 433 K).
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Table 4

Desulfurization performance for typical sulfur species in FCC gasoline

L. Lin et al. / Journal of Membrane Science 280 (2006) 651-658

Peak no. Sulfur speices Feed gasoline Permeate sample Enrichment factor
Peak area Percentage (%) Peak area Percentage (%)
1 Methyl mercaptan 416509 2.46 175059 0.35 0.42
2 Ethyl mercaptan 98179 0.58 38246 0.08 0.39
3 Propyl mercaptan 225014 1.33 221751 0.44 0.99
4 Thiophene 1789782 10.59 2588070 5.12 1.45
5 C5 mercaptan 77275 0.46 145669 0.29 1.89
6 2-Methyl thiophene 2354961 13.93 5037115 9.96 2.14
7 3-Methyl thiophene 3424713 20.26 5961417 11.78 1.74
8 Sulfide 1565465 9.26 6181981 12.22 3.95
9 Dimethyl thiophene 4769199 28.22 22685067 44.84 4.76
10 Disulfide 113989 0.67 382899 0.76 3.36
11 Isopropyl thiophene 196579 1.16 1130438 2.23 5.75
12 Trimethyl thiophene 1613735 9.55 5741381 11.35 3.56
13 C4 thiophene 170028 1.01 226375 0.45 1.33
3.2. Desulfurization performance of crosslinked PEG 4 7
membranes
6

3.2.1. Desulfurization performance for typical FCC
gasoline of high sulfur content

For most of refineries in China, sulfur content level of FCC
gasoline is high. Desulfurization performance is summarized
in Table 3. From the performance of membrane I, high sulfur
enrichment factor was obtained for FCC gasoline fraction of
lower boiling range. Since the alkenes and aromatics with high
boiling point swelled the membrane severely [12], flux increased
and sulfur enrichment factor decreased for full boiling range
gasoline.

Overall sulfur enrichment factor was 3.51 for membrane II
and 25 p.g/g low sulfur gasoline product was obtained when the
permeate volume was 28% of the feed volume. GC experiments
results for feed and permeate samples are shown in Table 4 with
the corresponding chromatograms shown by Figs. 11 and 12.

From Table 4, principal sulfur species in FCC gasoline
(Shenghua Refinery, China) are mercaptan, sulfide, disulfide and
thiophene species, in which thiophene species contribute to 80%
of total sulfur content. According to the enrichment factor in
Table 4 and the comparison of chromatograph peaks between
Figs. 11 and 12, removal effect for thiophene species from FCC
gasoline was excellent.

3.2.2. Desulfurization performance for typical FCC
gasoline of low sulfur content

It is necessary to investigate the desulfurization performance
for low sulfur gasoline feed since the sulfur content level of
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Fig. 11. Chromatogram for sulfur species distribution in feed FCC gasoline.
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Fig. 12. Chromatogram for sulfur species distribution in permeate sample.

Table 5
Desulfurization performance for FCC gasoline of low sulfur content
Membrane no. Feed no. Sample source Sufur content (g/g) Sulfur enrichment factor Flux J (kg/m? h)
1I 1# Feed 238.28
2# Permeate 779.45 3.27 0.98
3# Permeate 1132.84 4.75 0.93
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Table 6
Desulfurization performance for typical sulfur species in FCC gasoline

657

Peak no. Sulfur speices Samplel#, peak area

Sample2#, peak area

Enrichment factor Sample3#, peak area Enrichment factor

1616398
202394
252387

98642

3434111
1410902
1798030
586631
419595 1051124
58338 71062
13890 -
142095 -

Thiophene

2-Methyl thiophene
3-Methyl thiophene
Disulfide

Dimethyl thiophene
Isopropyl thiophene
Methyl ethyl thiophene
Trimethyl thiophene

0NN AW =

2.12
6.97
7.12
5.95

3622975
2382634
2995981

924349
2.51 1046519 2.49
1.22 42276 0.72

2.24
11.77
11.87

9.37

5

23
5
4 5
] MLA Lo
A
10 15

Fig. 13. Chromatogram for sulfur species distribution in gasoline feed.

Fig. 14. Chromatogram for sulfur species distribution in permeate sample2#.
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FCC gasoline was lower than 300 p.g/g in some refineries with
a example of Dushanzi Petrochemical Plant (China). Desulfu-
rization performance of membrane II for this kind of feed is
summarized in Table 5.

Overall sulfur enrichment factor was 3.27 for sample 2#
which was sampled at the unstable stage of the membrane. Per-
meate 3# was sampled after the membrane performance was
stable and sulfur enrichment factor come to 4.75. Low sulfur
gasoline product of 42 pg/g can be obtained when the permeate
volume was 18% of the feed volume. GC experiments results
for feed and permeate samples are shown in Table 6 with the
corresponding chromatograms shown by Figs. 13—15.

From Table 6, principal sulfur species in this kind of FCC
gasoline are thiophene species. Part of thiophene species with
high boiling point did not permeate through the membrane under
the experiment conditions. According to the enrichment factor
in Table 6 and the comparison of chromatograph peaks between
Figs. 13, 14 and 15, removal effect for thiophene species from
FCC gasoline was excellent to PEG membrane. Enrichment fac-
tor of 2-methyl thiophene and 3-methyl thiophene were high
especially.

=~

Fig. 15. Chromatogram for sulfur species distribution in permeate sample3#.
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4. Conclusions

FCC gasoline desulfurization can be conducted by perva-
poration using a crosslinked PEG membrane. Permeation flux
decreased with increasing permeate pressure while increased
with the operating temperature increase. Sulfur enrichment fac-
tor increased firstly and decreased then when permeate pressure
and temperature rose. The peak value occurred at 10.5 mm Hg
and 358 K for model compounds feed (378 K for FCC gasoline
feed). Arrhenius relationship existed between permeation flux
and operating temperature. Both sulfur enrichment factor and
permeation flux were shown to increase with increasing feed
flow rate. Permeation flux increased while sulfur enrichment
factor decreased as the feed sulfur content increased, but the
influence of increasing sulfur content on pervaporation perfor-
mance weakened when sulfur content come to 600 pg/g. As
to the desulfurization performance, sulfur enrichment factor
for high sulfur content FCC gasoline feed of different boiling
range was from 2.10 to 3.51 by membranes with various mem-
brane preparation parameters. Sulfur enrichment factor come to
4.75 for low sulfur content FCC gasoline feed of 238.28 pg/g.
Membrane performance kept stable within the long time run of
500 h, which indicated that crosslinked PEG membranes had the
property of resisting pollution. Judging from chromatographic
analysis, the crosslinked PEG membranes were more efficient
for thiophene species.
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The semi-ideal solution theory has been presented to describe the changes in thermodynamic properties
accompanying the process of mixing the nonideal electrolyte solutions M;X;—(NY)s—H20 (i = 1 and 2) at
constant activities of NY and H,O, including concentration, chemical potential, activities of all M;X;, Gibbs
free energy, enthalpy, entropy, thermal properties, and volumetric properties. The theory states that, under
the conditions of equal activities of NY and H,O, the average hydration numbers characterizing the ion—
solvent interactions have the same values in the mixture as in the subsystems and the process of mixing these
nonideal electrolyte solutions is as simple as that of mixing the ideal solutions if the contributions from the
ion—ion interactions to the solvent activity are assumed to be the same in the mixture as in its subsystems,
which has been justified by the calculations of the Pitzer equation. Therefore, a series of novel linear equations
are established for the thermodynamic properties accompanying the process of mixing these nonideal solutions
as well as mixing the ideal solutions M;X;—(NY)s—H>0 (i = 1 and 2) of equal mole fractions of NY and
H,O. From these equations, the widely applied empirical Zdanovskii’s rule is derived theoretically, and the
important constant in the McKay—Perring equation under isopiestic equilibrium is determined theoretically,
which has been substantiated by comparisons with the experimental results for 18 mixtures reported in the
literature. Isopiestic measurements have been made for the systems BaCl,—LaCl;—H,0O, NaCl—BaCl,—LaCl;—
H>0, and NaCl—LaCl;—BaCly*2H;0y—H>O at 298.15 K. The results are used to test the novel linear
concentration relations, and the agreement is excellent. The novel predictive equation for the activity coefficient
of MX; in M;X;—MyXo—(NY)s—H>0 has been compared with the calculations of the Pitzer equation, and

the agreement is good.

1. Introduction

The Zdanovskii’s rule was first discovered empirically by
Zdanovskii for ternary unsaturated electrolyte solutions! and was
derived for unsaturated nonelectrolyte solutions by Stokes and
Robinson.2™5 Since then, it has been experimentally extended
to unsaturated aqueous solutions of electrolytes and nonelec-
trolytes.®” The Zdanovskii’s rule coupled with the McKay—
Perring equation® yields the simple equation for the activity
coefficient of either solute in multicomponent unsaturated
solutions.” However, while the model parameter in the McKay—
Perring equation was announced to be an arbitrary proportional-
ity constant, in practice it was empirically set equal to the salt
stoichiometric coefficient.”~!2 Recently, this rule has received
wide and growing attention?~!> and has been used to establish
the novel predictive equations for the thermodynamic proper-
ties'®!! and viscosity'? of multicomponent solutions.

Up to now, the Zdanovskii’s rule has not been theoretically
justified. Mikhailov derived the rule for very dilute electrolyte
solutions where the Debye—Hiickel theory applies.'® However,
extensive isopiestic results indicate that the rule is much more

* Corresponding author. E-mail: Huyf3581@sina.com. Fax: 86-10-
69744849.

10.1021/jp0542672 CCC: $33.50

widely applicable than can be theoretically justified by
Mikhailov.!7-!8 Rard also derived the rule by assuming that the
osmotic coefficients of the binary and multicomponent solutions
are equal under isopiestic equilibrium,!” which is evidently quite
reasonable for the solutions of 1:1 electrolytes. Therefore, in
this study, a semi-ideal solution theory is proposed on the basis
of the Debye—Hiickel theory and the concept of the stepwise
hydration equilibrium, from which the novel concentration
relations for multicomponent saturated electrolyte solutions are
established and the Zdanovskii’s rule (for unsaturated solutions)
is theoretically derived. The simple equation for the activity
coefficient of each unsaturated solute in saturated solutions is
also derived, from which the simplified McKay—Perring equa-
tion for unsaturated solutions is reproduced and its proportional-
ity constant is theoretically determined. A new set of simple
predictive equations are proposed for thermodynamic properties
of saturated electrolyte solutions from those of their subsystems.
The isopiestic measurements at 298.15 K have been made for
the systems NaCl—BaCl,—LaCl3;—H,O and NaCl—BaCl,*
2H,O¢say—LaCl3—H,0. The results together with the calculations
based on the Pitzer equation?%?! are used to test the proposed
equations.

© 2006 American Chemical Society
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2. The Semi-Ideal Solution Theory

Let electrolytes M;X; and NY represent the solute components
present below their solubility limits and that present as saturated
solutions, respectively. Let the superscript (io) denote the
quantity in the ternary saturated subsystem M;X;—(NY)s»—H20
or in the binary unsaturated subsystem M,;X;,—H,0. The other
notations used in this paper are summarized in the Glossary. In
this study, it is assumed that all electrolyte solutes are completely
dissociated and produce vy, and vy cations of charges (zy, and
zn) and (vx, and vy) anions of charges (zx, and zy), respectively.
Note that in this paper the cations and anions are denoted by
(M; and N) and (X; and Y) instead of (MA" and N&") and
(XAxi and Y?v).2!

2.1. Treatment of Ion—Ion and Ion—Solvent Interactions.
In this study, the ion—ion interactions in the mixture M;X;—
MX5—NY say—H>O are treated with the Debye—Hiickel theory,
and the ion—solvent interactions are described by the stepwise
hydration equilibrium.>~3 That is, the Gibbs energy of the above
system is composed of two terms, namely, G = GPH 4+ G,
where GPH is the Debye—Hiickel contribution, and G de-
scribes the semi-ideal mixture of the resulting species based on
the mole fraction x. Therefore, In @ = In a®" + In @', where
a'y = x. The stepwise hydration equilibrium can be symbolized
by

NY(s) + H,0 = s N-H,0,,, + 2y Y(aq) 1)

and

U-H,0_, + H,O = U-H,0, 2)
where U =N, Y, M,, and X;withi=1and2,and/ =2, ...,
n. If we assume that ap, 0(1)/% 00— = 1, then the equilib-
rium constants KU for the hydratlon equilibrium denoted by eq
2 are given by

XU-H,0()

)

XU-H,0(-1)9H,0

It is clear that K}j and thereby the average hydration numbers
hy-mo = 0/%, with o = az/a In an,o = X1 K ... K} djy o and
S=1+3 K .. K d ajy o, depend only on water actlvrty
am,o. However the equilibrium constant K = XONH2O(1 XY (ag/
amo for the saturated solutes (equals Kj = ANy /Ny =
any,,, for NY(s) = NY(aq) times K = XN-Hzo(lny(aq/(aNY(dq)'
an,o) for NY(aq) + H,O = vnN-H,O(1y + vyY(aq)) is different
from KII\AL: XM, 1,0,/ (XM, -1,0@1,0) Tor unsaturated solutes,
and thus, Ax—m,0 differs from /v, —m,0 for a given water activity
aﬁzo.

2.2. Novel Linear Concentration Relations at Constant
Activities of NY and H,O. The water activity for the semi-
ideal mixture M;X;—(NY)s—H20 (i = 1 and 2), aH 0, is given
by?S

(10)

(zo) free

In a{®) = In a<’°) PH 4 In

“4)

where the superscript free denotes the free quantity. a("’) bH

and x("’) free are the Debye—Hiickel contribution to water

act1v1ty and the mole fraction of the free solvent H,O in the

mixture. x(zoz)trcc — (m) trcc/n&(;)il with n(zo) free — (10) — Vmx-
(m)%ree + Yum

(70) —

2
(i) _ (i0)
hixi-m0myy. X vNthY momyy and gy = ny MX;
ng\’,& + VNynNY, where 7 and v are the mole number and the

salt ' stoichiometric coefficient, vmx, = vm, + vx, and
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VM,x,hM,x,—Hzo = VM,hM,—Hzo + Vx,hx,—Hzo vNy and VNYI’ZNY—HZO
are similarly defined.

Similarly, au,o for the mixture M;X;—MXa—(NY)sur—H20
is given by

free
H,0

Inay o =Inagq + In )

total
ith free
W1 }’IH o — MH,0 —
free

> ) VMXAMX—H0MMX; — V NYANY—H,0-
+ zz—l VMXIMX; + VNYVNY. Since aw,0 =
if we assume that aH o af_’["%,DH then combination of eqs
4 and 5 yields (see Supporting Information for the detailed
derivation)

nNY and Rl = 1y

n n
X o)y T o0 ©)
(10) H,0 (20) H,0 H,0
MIX] MZXZ

and
n
MX) g, M g
10y "INY 109 “ao NY T Iy @)
nM]Xl MZXZ

at constant activities of H,O and NY and within the range 0 <
[nMIX/n(IO) =< 1. Equations 6 and 7 can be generalized to the
mixtures MIXI _Man_(NlYl)sat_'"_(Nn'Yn')sat_HZO in
terms of the concentrations of its subsystems M;X;—(N; Y| )sat—

=Ny Y)sat—H20 (i = 1, 2, ..., n) of equal activities of all

N]Y], ceey N,,'Yn' and Hzo
n Mux, o)
10
"oy 0 T M0 (®)
and
n nM
( ) — L — ’
I\IIOY ™y, G=12,..,n) ©)
z=ln§\'}[°) i
where 0 < [nM,x/ngf;( =< 1, au,o0 = const, and anyy, = const.
That is
n liX,
— =1 (10)
n mMX
m;;(’g{ =myy (G=12..m) (1)

It is clear that for the mixtures M;X;—M»X>—H»0 eq 10
reduces to the well-known Zdanovskii’s rule!

7’
My x,

#(10)
My x,

’
m
M,X,

#(20)
M2X2

(12)

where m"’o) (i =1 and 2) are the molalities of M;X; in M;X;—
H,O (i = 1 and 2) at the water activity of the mixed solution
M;X;—MxX,—H,0 of given molalities "y .

2.3. New Simple Equations for the Thermodynamic
Properties. The thermodynamic relations for the system M;X;—
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(NY)sat—H20 (i = 1 and 2) at constant temperature and pressure
can be expressed as

vk sy + v max dus + migodiiin = 0

() = const)

(i = const and uy) (13)

If we define the chemical potential /4(’°) = (/v vwedy) +
(i0) ’

VX, ), then eq 13 can be rewritten as
Vx ik d Ik + niod I, = 0
(}‘I(z’%) = const and u\%%) = const) (14)
That is
( .
anrx) [ o
o I )
aﬂﬁoo s VMX 1\’/EX, ”i—[o)
(10) — (i0)
= const and Uy, = const) (15)

In literature, a similar equation has been given for the system
J—H,0.2 For the system M;X;—M,Xp—(NY)sa—H20, we reach

(aMMIX,)
9
‘uHZO X1 ex2

(Uy o = const and puyy = const)

ony 0

Yy x N
MX; M’X‘ Hino avixi=MiX;

(16)

with i € (1, 2). Combination of eqs 8, 15, and 16 gives (see
Supporting Information for the detailed derivation)

(@) YMxAMX,
tnix, = tx, T RT In F a7
i~ i Yy x X Vyx X
Mlxl MIXI MZXZ MZXZ
N
_ MXMX; (i0)
X, T v (18)
MIX] MIXI M2X2 MZXZ
and
xi0)
P YMxAMX, 0) (19)
MX, MX,
o VM]XIXMIXI + VMZXZXMZXZ o

where i = 1 and 2, ap,0 = const, and any = const. a and fux,
are the activity and the activity coefficient on the mole fraction
scale. Equation 18 is equivalent to

Yy x M
MX/ X, (o)
amXx,

avx. =

i

(i=1and?2)
Yax, v, T VMx X,

(ay,0 = const and ayy = const) (20)
v, 1s related to its molal value yax, by fvx, = Ymx[1 + Mi,of
IOOO(ZfZImM,Xi + mny)], where M is the molar mass. There-
fore, eq 19 can be rewritten as

(i0)

VM x MM x
i i (i0)
YMX,

VMIXImMIXI + VMZXZm

YMX (i=1and?2)

N

M,X,
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@n

(ay,0 = const and ayy = const)

For the unsaturated solution M;X;—M,X,—H,0, eq 21 reduces
to the following well-known equation derived by Vdovenko and
Ryazanov'4

(io)

. VMM MX, i0) L and 2
YmMx, =, T+ —— Vmx, (i=1land?2)
M, X, M X, M,X, M, X,
= cons 22
(a0 = consi) 22)

where the superscript ~ denotes the quantity of MX; in
unsaturated solutions M;X;,—H,O (i = 1 and 2) and M;X,—
M,X,—H0.

Now, let ApixG©), ApixH ™), ApixS®, and Apix V1 denote
the changes in Gibbs free energy, enthalpy, entropy, and volume
accompanying the process of preparing the subsystems M;X,—
(NY)sa—H20 (i = 1 and 2). Let ApixG, AmixH, AmixS, and ApixV
represent the corresponding properties accompanying prepara-
tion of the system M;X;—M,X5—(NY)s—H20 having the same
activities of NY and H,O as those of the subsystems M;X;—
(NY)sa—H20 (i = 1 and 2). Then, combination of eqs 8 and 9

with eq 18 and the thermodynamic relations (remembering the
(lo) — (20 (lo) — (20)

fact that an,0 = a0 = aj o and any = ayy = ayy) gives
2 My, o
p— 10
AmixG - z ( Amle +
i=1 nl\l:;{
2 YMXAMX,
RTY vy x iy, In (23)
=1 VMZXZXMZXZ + VMIXIXMIXI
v x, M,X
_ 10) 2%z 20)
Amixl—l (10) leH( ’ + (20) AmixH( ° (24)
X, X,
MIX] 10) vyx, 20)
AmixV (10) Amle( t— (20) Amix V( (25)
M,X, X,
2 nM
A A S +
2 VMxAMX,
RY Vyx/yx In (26)
i=1 i Avx, T VM x M x,
i x M,X
— 14 10) Yo (20)
G=— G+ 5 G @7
MIX] MZXZ
Imx, v,
d= (28)
2
2 0 /d")
i=1
with YMX; = (nMx/l’l(m) )I’l(m) MHZO + }’l]\/[xMMX + (nM x/n(m)

nﬁ?MNy, where Cp and C( are the specific heat capacities. d
and d© denote the densities. Note that nMX/nMX and 7 in eqs

23—28 can be replaced by my X/mMX and m, respectlvely, and
that under this condition eqs 23—26 are the changes in the Gibbs
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free energies, enthalpy, entropy, and volume of mixing per
kilogram of solvent, respectively.

For the unsaturated solutions, eqs 23—28 reduce to the simple
predictive equations for the Gibbs free energy, thermal proper-
ties, and volumetric properties of unsaturated solution M;X;—
M>X,—H,0 from the properties of its subsystems M,;X;—H,O
(i = 1 and 2) of equal water activities, and the equations
reproduced from eqs 27 and 28 have been shown to be in good
agreement with the experimental results reported in the litera-
ture.!0-11

3. Comparisons with the Experimental Measurements
and the Pitzer Equations

3.1. Justification of the Basic Assumption. According to
the Pitzer equation,?*?! the Debye—Hiickel contribution to the
osmotic coefficient ¢>32“0 can be determined from

2 — A*P"
o = (29)

12
1+ bl
z Yax/Mux, T Vayiny

i

where [ is the molal ionic strength (mol kg='), and 4 is the
molal Debye—Hiickel coefficient (0.3915 at 298.15 K). b is a
universal parameter with the value 1.2 kg'? mol~"2. Therefore,
ag?o can be calculated from eq 29 and

DH
My 09 (ZVM,leM,X, + Vayminy)
i

Inags=—
H,0
(30a)
The average deviation Ai_’;’z)D M for the saturated solution

M; X —MX;—=(NY)sar—H0 from the relation a(“’) D, DH =1
is then defined as

DH
4,0

;|

AgngH =100 x (30b)

where N is the number of experimental data points. The function
A’(“’) PH for the unsaturated solutlons is similarly defined.

The calculated values of aH 0 (= —Mu,00™PHY, v, mMX)
for 24 ternary unsaturated systems M X;—M,X,—H,0 at 298. 15
K and those of a'('°) DI for their binary systems M;X,—H,O (i
=1 and 2) of equal water activity are shown in Table S1
(Supporting Information). The values of A("’) P are as fol-
lows: (1) 0.01% < Ay'g"™" < 0.12% and 0. 02% < AP <
0.12% within the range 0 1 <7< 42mol kg™! for the (1 1+
1:1) electrolyte mixtures, including NaCl—KC1—H,0, NaCl—
LiCl1—H0, NaCl—NaClO4—H,0, and NaCl—NaNOs;—H,O0. (2)
0.09% =< AP < 0.84% and 0.36% < AT < 1.36%
within the range 0.22 <1 < 4.92 mol kg™! for tzhe first 13 (1:1
+ 1:2) electrolyte mixtures, including NaCl—CaCl,—H,O0,
NaCl—BaCl,—H,0, NaCl—MgCl,—H,0, NaCl—SrCl,—H,0,
HCl-BaCl,—H,0, HCl—CaClL—H,0, HCl—-CoCl,—H,0, HCl—
NiCl,—H,0O, HCI-SrCl,—H,0, HCI—MnCl,—H,0, HBr—
BaBr,—H,0, HBr—CaBr,—H,0, and HBr—MgBr,—H,0. Note
that the A’Ig“’())D " values for these solutions are in general less
than 0.60%. (3) (2.96% < AO"" < 4.08%, and 0.55% <
A’(2°) P < 1.0% within the range 0.70 < I < 7.6 mol kg™
and (6. 43% < NGOPH < 13.78% and 2.0% < AP < 3.25
within the range 9 0 =<7 = 16.8 mol kg!) for the ternary
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systems KC1—CdCl,—H,0 and KI-CdLL,—H,0. (4) 0.13% =
AGOPT < 1.85% and 0.58% < AT < 1.76% within the
range022 <7=<78mol kg~ 1forthe(l 1+ 1:3),(1:1 + 1:4),
and (1:2 + 1:3) electrolyte mixtures, including HCl—LaCl;—
H,0, HCl-SmCl;—H,0, NaCl—LaCl;—H,0, HCI—ThCly—
H,0, and BaCl,—LaCl3—H,O. The results for the examined (1:1
=+ 1:1) mixtures within the whole examined experimental range
are in good agreement with the assumption (in derivation of
eqs 6—12) that a'("’) D H/a’D " = 1, suggesting that these mix-
tures conform to eq 12 exactly, which is in accordance with
the isopiestic measurements. For the first 13 (1:1 + 1:2)
electrolyte mixtures, the values of A'(’o) P are in general less
than 0.60%, implying that these systerns also conform to eq 12
very well when recalling the fact that eq 12 is expressed in
terms of molality but eq 30 in ionic strength. In fact, isopiestic
measurements show that NaCl—MCl,—H,0 and HCI-MCl,—
H,0 with M = Ba, Ca, Mg, and Sr obey eq 12 exactly or at
least quite well within the whole examined molality ranges. The
values of A’%%DH for the examined (1:1 + 1:3), (1:1 + 1:4),
and (1:2 + 1:3) mixtures are larger than those of the (1:1 +
1:1) and (1:1 + 1:2) electrolyte mixtures; however, these
systems may still conform to eq 12 well, as supported by the
isopiestic results for NaCl—LaCl;—H,0% and BaCl,—LaCl;—
H,O (see Table 1), which is attributed to, as mentioned above,
the fact that eq 12 is expressed in terms of molality but eq 30
in ionic strength.

The results for the complex-forming systems KCl—CdCl,—
H,O and KI—CdI,—H,O are noticeable. Their A’(l") T
considerably larger than A[POPH and A'OPT and A‘Z")DH
increase rapidly with increasmg molality, 1ndicat1ng that the
deviations of these systems from eq 12 increase progressively
as the concentration increases and the deviations from the
Zdanovskii’s linear plot are not symmetrical (the largest
deviation does not appear at the point where ’”fv[]xl = mfvrzx ).
All these are substantiated by the isopiestic results reported in
the literature such as those for the system KI—Cdl,—H,O at
298.15 K** illustrated in Figure 1. It is seen from Table S1 and
Figure 1 that, while |A’“°) P ACOPH) > 1 the deviations
from the Zdanovskii plot correspondlngly increase toward the
regions where mM X/mM x, > 1.

3.2. Test Whether kM X; Must Be Set Equal to vmx. McKay
and Perring® derived an equation for the activity coefficient of
either solute in ternary aqueous solution M;X;—M,X,—H,0

s

/(l0)
kMXmMX 1

Iny, . =Iny"%) +1 L+ o o
DM, =Y Mx, AT My 0 Vi x fo
1
1 om* ! 3
{ m*2(3 In VMZXz)anz() " o

where yMX is the activity coefficient of solute M;X; in the
mixture, and y’(“’) is its value in M X;—H,O at the water
activity of the mixture. kmyx, 1s an arbitrary proportionality
constant for solute M;X;. m* is equal to (leleM x. T kvx,
myy X,)> and it may be, for example, the ionic strength if kw,x,
an ksz2 are suitably chosen (here we denote kv,x, and kw,x,
under this condition by kM x, and kM x, for convenience). 8 The
ratio rv,x, is equal to kMzszMX/m For the unsaturated
solution M;X;—M,X,—H,0 obeyrng eq 12, eq 31 reduces to

}dln ay o (31)

/(10)
kMIleMlXI

/(10)
YMX,

’
YMx, =

(32)

’ ’
kMIXIlixl + kMZXZmMZX
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TABLE 1: Isopiestic Results for the Systems BaCl,(M,X,)—LaCl3;(M3X3)—H,0 and
NaCl(M;X;)—BaCL(M:X;)—LaCl;(M3X3)—H,O0 at 298.15 K, Taking Aqueous NaCl as the Reference Solution’

Hu et al.

m;\/llx1 my x my X, VM le V'm x° VM, y]\;[PXq VI\’/II;X3 VI\;I3X
BaCly(MyX2)~LaCly(M5X3)—Hy0, Al ../ = 0.08%
myX = 0.5038, myX = 0.3650, m\G% = 0.2815
0.1020 0.2027 '0°4080 0.4053 0.2665 0.2856
0.1582 0.1594 0.4096 0.4071 0.2676 0.2872
0.1987 0.1281 0.4110 0.4084 0.2685 0.2889
0.2086 0.1207 0.4109 0.4088 0.2684 0.2894
my%, = 08142, m\i% = 05769, my% = 04286
0.1264 0.3349 0.4008 0.3963 0.2611 0.2771
0.3016 0.2043 0.4000 0.3970 0.2606 0.2780
0.3682 0.1550 0.3995 0.3976 0.2608 0.2785
0.4252 0.1126 0.3991 0.3980 0.2600 0.2788
my% = 1.1726, mi% = 08134, my% = 0.5825
0.1215 0.4956 "™} 0004 0.4126 0.4035 0.2707 0.2846
0.2268 0.4198 0.9994 0.4104 0.4021 0.2693 0.2830
0.4060 0.2912 0.9992 0.4062 0.4004 0.2665 0.2809
0.5126 0.2158 1.0005 0.4035 0.3998 0.2648 0.2801
my% = 1.5068, miy = 1.0243, ;% = 0.7160
0.1508 0.6109 04271 0.4180 0.2842 0.2995
0.3467 0.4731 0.4218 0.4142 0.2807 0.2946
0.5520 0.3292 0.4161 0.4105 0.2769 0.2904
0.7022 0.2260 0.4109 0.4087 0.2734 0.2881
m'\x = 1.7950, m'% = 1.2015, m'% = 0.8201
0.2562 0.6465 o w 0.4417 0.4315 0.2990 0.3135
0.5185 0.4655 0.4337 0.4251 0.2936 0.3056
0.8002 0.2754 0.4231 0.4202 0.2864 0.2990
0.9860 0.1462 0.4185 0.4171 0.2836 0.2952
myX, = 2.1425, mG% = 14124, mG% = 0.9467
0.3167 0.7332 04637 0.4521 0.3220 0.3363
0.5860 0.5552 0.4524 0.4450 0.3142 0.3270
0.8255 0.3926 0.4458 0.4387 0.3096 0.3188
1.0962 0.2134 0.4347 0.4334 0.3018 03116
myR, = 2.4569, % = 1.6001, my% = 1.0505
0.1991 0.9186 04931 0.4786 0.3487 0.3672
0.6012 0.6548 0.4760 0.4652 0.3367 0.3496
1.0025 0.3910 0.4609 0.4536 0.3262 0.3350
1.3996 0.1307 0.4461 0.4451 0.3155 0.3228
NaCl(Mle) Baclz(M2X2) LaCl3(M3X3) HzO Advembe =0.09%
myX, = 0.7351, mG% =0.5237, mG% = 0.3926
0.1659 0.2864 0.0896 6316 “G6421 04064 0.4033 0.2644 0.2885
0.2864 0.1726 0.1100 0.6385 0.6489 0.4109 0.4056 0.2671 0.2948
0.2015 0.3015 0.0588 0.6336 0.6403 0.4077 0.4051 0.2656 0.2918
0.0988 0.3419 0.0837 0.6280 0.6391 0.4041 0.4020 0.2629 0.2858
myX, = 1.8868, m'\(% = 1.2544, m'\}% = 0.8569
0.2743 0.5936 0.3285 "0.6882 ¥0.7020 54276 0.4230 0.2942 0.3085
0.4164 0.3778 0.4112 0.6942 0.7106 0.4315 0.4228 0.2967 0.3122
0.3155 0.2498 0.5436 0.7056 0.7296 0.4385 0.4271 0.3016 0.3157
0.6349 0.3550 0.3271 0.6885 0.6980 0.4276 0.4187 0.2942 0.3128
my% = 2.6308, my = 17088, my% = 1.1082
0.6456 0.8976 0.2526 7306 0.7421 04594 0.4571 0.3287 0.3471
0.4981 1.1120 0.1776 0.7350 0.7365 0.4551 0.4566 0.3256 0.3428
1.2603 0.5782 0.2010 0.7324 0.7295 0.4536 0.4515 0.3248 0.3526
0.6195 0.6131 0.4486 0.7608 0.7630 0.4706 0.4608 0.3370 0.3542

@ Results in mol/kg.  Calculated from eq 22. ¢ Calculated from the Pitzer equation. ¢ The average experimental deviation from eq 12, A/

100 x erlm]\,[lxI/m’(]\,lll",)(I +m MZXZ/m — 1|/N, where N is the number of experimental data points.

However, according to eq 21,

7(20)
M,X,

the value of y},y for the

+ my, X, Mvx

/(30)

unsaturated solution M;X;—M,X,—H,0 obeying eq 12'is related
to the y’(“’) values of its subsystems M;X;—H,O (i = 1 and 2)
by eq 22, that is, kwmx, 1s not an arbitrary constant, and for eq
32 to hold, it is necessary that kvix, = vmx, under isopiestic
equilibrium. The 18 electrolyte solutions shown in Table 2
conform to eq 12 well, and thus, the activity coefficients of
each solute in these systems are calculated from eq 22 and eq
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average

32 with kvx, = kM X, and then compared with the experimental

results.2325-42 An inspection of the second and third columns
of Table 2 reveals that eq 22 is in good agreement with the
experimental results for all the systems being examined. Note
that the present comparisons are limited to the cases where the
Zdanovskii’s rule works. However, eq 32 with kyx, = ki
shows significant deviations from the experimental results for
all the examined systems except for the mixed solutions of 1:1
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Figure 1. Deviations from the Zdanovskii’s linear isopiestic plot for
the system KI—Cdl,—H,O at 298.15 K.*

TABLE 2: Values of the A’ Functions for the 18 Ternary
Electrolyte Solutions at 298. '15 K¢

MXi—MoXo—H:0 Ay Ajyoxe molkg™h Ky K
NaCI-KCI-H,0%*  0.0172 00172 42 1 1
NaCl—LiCl—H,0% 00102 0.0102 3.0 1 1
NaCl-NaNO;—H,07  0.0043  0.0043 3.0 1 1
NaCl—NaClO,—H,0¥ 0.0176 0.0176 3.2 1 1
NaCl-BaCL—H,0?  0.0040 02296 5.0 1 3
NaCl—CaCL—H,0¥  0.0032 0.1260 12 1 3
NaCl-MgCL—H,0¥  0.0041 0.0868 5.2 1 3
NaCl-SrCL—H,07  0.0025 0.1969 3.0 1 3
HCl-BaCL—H,0®  0.0134 02048 2.0 1 3
HCl-CaCL—H,0® 00117 0.1866 4.8 1 3
HCI-CoCL—H,0®  0.0022 0.1747 2.0 1 3
HCl—SrCl,—H,0?! 0.0050 02436 4.0 1 3
HClI-MnCL—H,0%  0.0058 0.1585 2.5 1 3
HBr—CaBr,—H,0®  0.0069 02052 2.0 1 3
HBr—MgBr,—H,0%  0.0051 0.2326 2.5 1 3
HCI-LaCL—H,0%  0.0165 02820 3.0 1 6
HCI-SmCL—H,0%  0.0028 0.1932 2.5 1 6
HCI-ThCl,—H,0  0.0042 0.1455 1.0 1 10

“A) \ixi and A\, are the mean standard deviations of the
predictions of eqs 22 and 32 with kyx, = kMX from the experimental

results (A i, ENIV'Fred y'f,i‘f(I/N, where N is the experimental
data points). » Reference.

electrolytes, of which kvix, = vmx, (eq 32 is equal to eq 22).
Therefore, the results from Table 2 substantiate that kyx, is not
an arbitrary constant and must be set equal to Vmx;.

Table S2 (Supporting Information) shows the calculated
values of a’("’) PH and av’DH for the system NaCl(M;X;)—BaCl,-
(M2X5)— Laél3(M3X3) HZO and its three binary subsystems at
298.15 K. The results are A0 = 1.5%, AT = 0.24%,
and A’GO) D = 1 229%. These results along with those shown in
Table Sl for BaCly(M2X;)—LaCl3(M3X3)—H,O suggest that
both these systems may obey eq 12 well, which is supported
by their isopiestic behavior at 298.15 K shown in Table 1.
Because the systems NaCl(M;X;)—BaCly(M»X;)—H,O and
NaCl(M; X;)—LaCl3(M3X3)—H,O also obey eq 12 very well,'$?
the activity coefficients of the solutes in these systems are
calculated from eq 22. The Pitzer’s parameters, Table 3, are
determined from the resulting vy x and y} x in three ternary
systems and then are used to give predictions for the activity
coefficients of each solute in NaCl(M,;X;)—BaCly(M2X;)—
LaCl3(M3X3)—H,0 at 298.15 K. The results are compared in
Table 1 with those from eq 22, and the agreement is good. Note
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TABLE 3: Pitzer Parameters Determined from the y}, x, in
the Ternary Systems NaCl(M;X;)—BaCl,(M,X,)—H;O, L
LaCl3 (M] 1) Baclz(M2X2) HzO and
NaCl(M;X;)—LaCl3(M,X;)—H,0% at 298.15 K

solute p© po Cc?

NaCl 0.0519 0.3614 0.010
BaCl, 0.2792 1.4387 0.0259
LaCl; 0.5889 5.600 0.0238
ONapa ONaLa OBala

(kg mol™1) (kg mol™1) (kg mol™")
0.0076 0.3479 0.02775
Y'Na,Ba,Cl PNa,LaCl PBa,LaCl

(kg? mol~2) (kg? mol~2) (kg? mol~2)
0.0187 —0.070 —0.0185

that, while the tests of eq 12 reported in the literature are in
general limited to (1:1 + 1:1),> (1:1 + 1:2),'8 (1:1 + 1:3),
(1:2 + 1:2),*0 and (2:2 + 1:2)*! electrolyte mixtures, the present
results show that the simple equation also holds for the mixtures
of (1:2 + 1:3) and (1:1 + 1:2 + 1:3) electrolytes.

3.3. Test of Novel Linear Isopiestic Relations and the
Novel Simple Equation for Activity Coefficient. The isopiestic
behavior of the saturated solution M;X;—M;X,—(NY)s—H,0
can be described by eqs 10 and 11. In this study, the
experimental deviations from these equations are defined by

Wik, = Land Ay = (myx /my%

Ay = mm,x,/mM X, T v,/
“") + (mszz/m(z") )m(z") - mNY at constant activities of
water and NY and wrthm the range 0 < [mMIX/m(’O) <1

Tables 4 and S3 show the isopiestic results and the calculated
values of aH o for the saturated system NaCl(M;X;)—LaCls-
MX5)— BaClz 2H,0sat)(NY )sat) —HO at 298.15 K and those

of a(lo) PH and a(2°) PH for its subsystems, NaCl(M;X;)—BaCl,-
2H20(sa()((NY)sm) Hzo and LaClg (MzXz) BaClz 2H2O(sal)
((NY)sa)—H20. The values of Aﬂz"())D H and Aﬁj&” " are 1.30%
and 0.92%, and the maximum values of |Ao| and [AT*| (AP*®

(mM,XI/m( °) )m%}o) + (mMzXz/m(2°> )m(2°> — mny) are 0.0012
and 0.0042, respectlvely, where the superscript Exp indicates
that the solubilities in the quaternary system are calculated from
the new linear relation along with the 7% determined experi-
mentally. The solubilities of NY in ternary and quaternary
saturated solutions are also calculated from the Pitzer equation
along with the Pitzer’s parameters determined above. The results

P M@ and mY, shown in the fifth column of Table 4)
agree well with the experimental data. The resulting solubilities
(MG and m39") are substituted into eq 11 to provide the
solubilities miy (myy = W Omap/mG )
mﬁ{’()'P) of NY in the quaternary saturated solutions, where the
superscript L,P implies that the solubilities in the quaternary
system are calculated from the new linear equation together with
the m\yy" and mGY" (in the subsystems) calculated from the
Pitzer equation. The results (mk,’\];) are in good agreement with
the predictions () of the Pitzer equation, with AT (AMF =

The above comparisons show that eqs 10 and 11 are in good
agreement with the experimental results. Therefore, y(lo) a
y(z")P are calculated from the Pltzer equatlon and then substl-
tuted into eq 21 to yield yMX and ny in NaCl(M;X,)—
LaCl3(M,X;)—BaCl,* ZHZO(m((NY)sat) HZO where the super-
script L,P indicates that the activity coefficient is calculated from

the new simple equation along with the yf\}[‘l’)’([: and yﬁ";(f

(lixl/m“O) Jmyy

— mPy) being less

and



4282 J. Phys. Chem. A, Vol. 110, No. 12, 2006

TABLE 4: Isopiestic Results (mol/kg) for the Saturated
Systems NaCl(M,X1)*LaCl3(M2Xz)*BaClz-ZHZO(sat)-
((NY)sa)—H,0 at 298.15 K, Taking Aqueous NaCl as the
Reference Solution

Hu et al.

TABLE 5: Activity Coefficients in the Saturated Systems
NaCl(M,;X;)—LaCl;(M;X;) —BaCl,*2H;0 a0 ((NY)sa) —H,O at
298.15 K

mwm, X, MM,X, mny v L b L
MMiX, M,Xo mﬁ’;}’ ﬁ’?xp ¢ miwb ml&\l() ‘ an,0 molkg™ molke-1 VM, J/Ml)(lb YMx YM,x

3.0736¢ 0 0.74424 0.74644 0.8420 3.0736¢ 0 0.7442¢  0.9031
0 1.3920¢  0.3816° 0.3850° 0 1.3920¢  0.3816¢ 0.5796
03146 12502 04162 04189 0.4203  0.4202 0.3146 1.2502  0.4162 0.9912 0.9742 0.5456 0.5665
0.7128  1.0682  0.4620 0.4656 0.4685 0.4671 0.7128 1.0682  0.4630  0.9936 0.9860 0.5582 0.5732
1.3660  0.7726  0.5406  0.5430 0.5458  0.5449 1.3660 0.7726  0.5406  0.9465 0.9536 0.5306 0.5542
2.0678  0.4560  0.6276  0.6255 0.6297  0.6288 2.0678 0.4560  0.6276  0.9196 0.9315 0.5377 0.5416
1.5065¢ 0 1.2002¢ 1.2025¢ 0.8746 1.5065¢ 0 1.2002¢  0.8192
0 0.7186°  0.9970° 0.9925¢ 0 0.7186¢  0.9970¢ 0.4171
03182  0.5885  1.0691  1.0725 1.0744  1.0695 0.3182 0.5885  1.0700  0.8490 0.8255 0.4195 0.4012
0.6019  0.4485  1.1012  1.1031 1.1058  1.0990 0.6019 0.4485  1.1012  0.8434 0.8235 0.4118 0.4000
09107 02942  1.1336  1.1362 1.1380 1.1316 0.9107 02942 1.1336  0.8232 0.8234 0.4054 0.3996
1.2528  0.1210  1.1660  1.1621 1.1643  1.1602 1.2528 0.1210  1.1658 0.8028 0.8258 0.4008 0.4011
0.9476¢ 0 1.45424 1.46314 0.8869 0.9476c 0 1.4542¢  0.7786
0 0.4980°  1.2429¢ 1.2499¢ 0 0.4980¢  1.24294 0.3860
0.1509 04183 12788 1.2751 1.2824  1.2829 0.1509 0.4183  1.2788 0.7660 0.7476 0.3834 0.3892
02332 03752 12969 1.2942 1.3000 1.3017 0.2332 03752 1.2965 0.7665 0.7508 0.3821 0.3907
0.4481 02622 13426  1.3420 1.3461  1.3498 0.4481 02622 13426  0.7689 0.7590 0.3801 0.3950
0.6250  0.1693  1.3837 1.3811 1.3856 1.3896 0.6250 0.1693  1.3837 0.7721 0.7662 0.3796 0.3986
0.4480¢ 0 1.64814 1.64854 0.8950 0.4480¢ 0 1.6481¢  0.7572
0 0.2623°  1.5102¢ 1.5146¢ 0 0.2623¢  1.51024 0.3585
0.07282 0.2196  1.5362  1.5320 1.5378  1.5360 0.07282 02196  1.5362 0.6646 0.6626 0.3580 0.3632
0.1240  0.1896  1.5496  1.5478 1.5528 1.5512 0.1240 0.1896  1.5496 0.6768 0.6742 0.3574 0.3667
0.2196  0.1340  1.5825 1.5796 1.5805  1.5820 0.2196 0.1340  1.5825 0.7006 0.6958 0.3571 0.3696
0.3145  0.07806 1.6089  1.6065 1.6095 1.6078 0.3145 0.07806 1.6089  0.7242 0.7209 0.3565 0.3716

(i0).Exp “ Calculated from the Pitzer equation. ® Calculated from eq 21 with

@ Calculated from eq 11 along with my3™ determined experimen-
tally. » Calculated from the Pitzer equation. ¢ Calculated from eq 11
together with m{(9" (the solubility of NY in M;X;—(NY)su—H,0)
(the solubility of NY in MxXo—(NY)s—H>0) calculated

(20).P
(lo) (lo).Exp (lo),P

and myy
from the Pitzer equation. ¢ The values for my’ , myy" ', and myy",
respectively.

1
respectively. ¢ The values for mﬁ‘l’g(l, mOEP and m)F,

calculated from the Pitzer equation. The results are compared
in Table 5 with the predictions of the Pitzer equation (y:\)/[lxl
and yi,lzxz), and the agreement is good. The above treatments
do not include the cases where the examined rules are not
accurate.

4. Conclusions

The semi-ideal solution theory has been presented to describe
the thermodynamic behavior of the multicomponent electrolyte
solutions M;X;—++*—M,X,—(N1Y sa—**—(N,» Y ,")sar—H20O at
constant activities of all N; Y1, *=*, N,/Y,s, and H,O. The theory
proves that, under the condition of constant activities of all N; Y7,
=+, NyY,y, and H,O, the average hydration numbers character-
izing the ion—solvent interactions have the same values in the
mixture as in the subsystems, and it assumes that the contribu-
tions from the ion—ion interactions to the solvent activity are
also the same in the mixture as in the subsystems if there exists
no complex formation. Therefore, the process of mixing the
nonideal electrolyte mixtures M;X;—(N1Y )sar—***—(Ny Y r)sat—
H,O (i=1, 2, ..., n) at constant activities of all N1Y7, ==, N,y Yz,
and H,O is as simple as that of mixing the ideal mixtures M;X;,—
(NTY Dsat—***—(N»Y)sa—H20 (i = 1, 2, ..., n) of equal mole
fractions of all N,Y, **+, N,yY,r, and H,O, so that the changes
in thermodynamic properties accompanying the process of
mixing the nonideal solutions obey the same linear iso—a
relations as mixing the classical ideal solutions, including the
linear concentration relations, the linear equations for changes
in Gibbs free energy, enthalpy, entropy, thermal properties, and
volumetric properties. From these linear iso—a relations, the
well-known Zdanovskii’s rule has been reproduced, and the
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Y\ and p$9 calculated from the Pitzer equation. © The values for
(10) (20) (20)

i d
and myy’, respectively. “The values for my’x and myy,

value of the important parameter kvx, in the McKay—Perring
equation under isopiestic equilibrium has been theoretically
determined.

The basic assumption made in the derivation of the novel
linear isopiestic relations has proven to be exact or at least quite
reasonable. As theoretically justified, the comparisons with the
experimental results substantiate that kyx, in the McKay—
Perring equation under isopiestic equilibrium must be set equal
to mx, The novel linear relations have been shown to be in
good agreement with the isopiestic measurements for the
unsaturated systems BaCl,—LaCl3;—H,0 and NaCl—BaCl,—
LaCl3—H,0 and the saturated system NaCl—LaClz;—BaCl,*
2H0(san—H0O at 298.15 K. The new simple linear equation
for ymx, and yax, in MiX;—MaXo—(NY)s—H20 has been
compared with the predictions of the Pitzer equation, and the
agreement is good. Its reduced form for vallx and Vfwzx, in
M X —M,X,—H20 and for vy x , Yy x,» and Yy x, in NaCl—
BaCl,—LaCl;—H,0 has been shown fo be in good agreement
with the experimental results reported in the literature.

5. Experimental Section

All the examined chemicals are reagent grade and recrystal-
lized twice from doubly distilled water. NaCl was dried under
vacuum over CaCl, for 7 days at 423 K. BaCl, was dehydrated
in an anhydrous HCI atmosphere rising from 298.15 to 573 K
and treated by introducing purified argon gas at 573 K. The
molalities of LaCls stock solutions ware analyzed by EDTA
and titration (of C1~ with AgNO3) methods.

The isopiestic apparatus and the sample cups used here are
the same as those used in our previous studies.!> Preliminary
experiments showed that equilibration could be achieved within
5 to 6 days. The real equilibration period for each run was then
chosen as 9 days. At isopiestic equilibrium, the molality of each
solute was determined by using the following procedure: (1)
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After weighing the equilibrium saturated samples, the liquid
sample phase was withdrawn by a pipet fitted with a sintered-
glass filter tip preheated slightly above 298.15 K*?* and then
was weighed and diluted. (2) All solutions were analyzed by
4-38 titrations of CI~ with AgNOs;, with results agreeing to
within £0.05%. (3) Calculation of the solute molalities was
carried out by the following procedure.

Let w, wF4, and wio denote the mass of initial unsaturated
solution before equilibration, the mass of saturated equilibrium
solution, and that of the saturated equilibrium solution with-
drawn by the sintered-glass filter tip. Let npaci, and nvx, (MiX;
= NaCl and LaCls;) represent the amount of BaCl, and
unsaturated solute M;X; in a mass w of initial unsaturated
solution, and nSBaClz and ng‘;Ch the amount of anhydrous solid
BaCl, added to the sample cup before equilibration and that
dissolved during equilibration. Then, the amount of C1~
in a mass wi Of saturated solution can be expressed as

ntotal’

I
igtar = 2(pycy, nBaCl Wiotal! W (33)
with
Eq _ Tr Sd
wi=w+ Wir,o T Mpyci,Mgact, ~ WHyO (34a)
Hy _ S sd
WHiO = 2MH20(nBaClz - nBaClz) (34b)

where WE[' o and wﬁfo are the mass of water transported
through the vapor phase during the equilibration and that needed
to form the thermodynamically stable solid phase of BaCl,-
2H,0'8 at isopiestic equilibrium. Mg,cy, is the molar mass of
anhydrous barium chloride. Combining eqs 33 and 34, we obtain
Mg (W + Wgo - ZMHZOn]SBaCl )~

sd 2Wtotal”lBaCl2

Mact, =

2M Ontotal

Cl~
2Wtotal T Piotal MBaCl

(352)

The mass of water (wﬁjo) in a mass wf of equilibrium
solution is given by

WEIjo =wyo T W;o - 2MHZO(n]SBaC12 - ”fssaa) (35b)
where wy,o is the mass of water in a mass w of initial
unsaturated solution. Because the molalities of M;X; and BaCl,
of the initial unsaturated solutions are known, and the values
of wr Lo and ntotal can be determined simply by weighing the
samples at isopiestic equilibrium (wH = wkd — w) and by the
titration measurements noted prev10us1y, the molality of each
solute in NaCl—LaCl3—BaCl,*2H,0 50 —H20 can be determined
by

n
iXt

Eq

Wh,0

(M,X; = NaCl or LaCl,) (36a)

iy x

b}

sd
Mgact, T Mg,

Eq
Wh,0

Myy = (NY = BaCl,-2H,0) (36b)

The results, the average between the duplicate cups for
unsaturated solute and the mean of 4—8 replicate titration
measurements for saturated solute in the duplicate cups, are
reproducible to +0.05% for the former and to +0.10% for the
latter.
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Glossary
a activity
A the molal Debye—Hiickel coefficient
b the universal parameter in eq 29 with the value 1.2 kg!?
mol 172
Cp specific heat capacity
d density
f the activity coefficient on the mole fraction scale
GPH the Gibbs energy resulted from the Debye—Hiickel con-
tribution
Gy the Gibbs energy of the semi-ideal mixture of the resulting
species based on the mole fraction (x)
h average hydration number
1 molal ionic strength (mol kg™")
fvix, the proportionality constant for solute M;X; in McKay—
Perring equation
K hydration equilibrium constant
m molality (mol kg™")
M molar mass
MX; the electrolyte solute components present below their
solubility limits
n mole number
ng‘;u the amount of anhydrous solid BaCl, dissolved during
equilibration
N the number of experimental data points
NY the electrolyte solute component present as saturated
solutions
R gas constant
w the mass of initial unsaturated solution before equilibration
WH,0 the mass of water in a mass w of initial unsaturated solution
Wiotal the mass of the saturated equilibrium solution withdrawn
by the sintered-glass-filter tip
whd the mass of saturated equilibrium solution
W:zo the mass of water needed to form the thermodynamically
stable solid phase of BaCl,*2H,O at isopiestic equilib-
rium
WEIZO the mass of water transported through the vapor phase
during equilibration
X mole fraction
(AnixG, the changes in Gibbs free energy, enthalpy, entropy, and
AnixG™), volume accompanying the process of preparing the
(AmixH, system M X;—M,X5—(NY)s—H2O and its subsystems
AmixH(m))a MiXif(NY)satiHZO
(AmixS,
Amixgio)),
(AminV,
Amxx V(io))
Ao the fuilction defined by Ay = lix,/mf\}[‘l’;(l + mszz/mﬁjg(z
A the function defined by A; = (liX,/mM X, Yy +
(maxy/minyx,CO)my > — mny
AY? the function defined by AT = (mvyx /miy% )mi" +

(20)

(20),p P
(miyxy/myx ) m v~

NY myy
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A%‘QSD" the lEl}l{nt.:tion defined by AE‘Z%DH =100 x Tn(am,oPH/
ago — DIN
z charge
Greek Symbols
y molal activity coefficient
¢ osmotic coefficient
v salt stoichiometric coefficient
u chemical potential
Subscripts
average average property

i, j, n, ’ component indexes

ideal ideal solution

mix property of mixing at constant temperature and pressure

sat saturated solute(s)

total total property

Superscripts

’ the quantity of M;X; in unsaturated solutions M;X;—H»O (i
=1 and 2) and M;X;—M,X,—++*—H,0

dilute infinite dilute behavior

DH the property resulted from the Debye—Hiickel contribution

Exp. experimental property

free free quantity

Hy the property of the semi-ideal mixture of the resulting species
based on the mole fraction (x)

ideal ideal solution

L,p the property calculated using the linear relation m;\P( =
Oy g iy + (masx/mig Jmiy”

(io) the properties of the components in the subsystems M;X;—
(NY)sa—H20 or M;X;—H,O

P the property calculated using the Pitzer equation

Pred predicted property
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Mesoporous chromium oxide (Cr,Os) nanocrystals were first synthesized by the thermal decomposition reaction
of Cr(NOs);*9H,0 using citric acid monohydrate (CA) as the mesoporous template agent. The texture and
chemistry of chromium oxide nanocrystals were characterized by N, adsorption—desorption isotherms, FTIR,
X-ray diffraction (XRD), UV —vis, and thermoanalytical methods. It was shown that the hydrate water and
CA are the crucial factors in influencing the formation of mesoporous Cr,O; nanocrystals in the mixture
system. The decomposition of CA results in the formation of a mesoporous structure with wormlike pores.
The hydrate water of the mixture provides surface hydroxyls that act as binders, making the nanocrystals
aggregate. The pore structures and phases of chromium oxide are affected by the ratio of precursor-to-CA,

thermal temperature, and time.

Introduction

Ultrafine nanostructured chromium(IIl) oxide with high
surface areas has attracted considerable interest because of a
wide variety of applications such as in green pigments, coating
materials for thermal protection and wear resistance, heteroge-
neous catalysts, solar energy collectors, and transparent colo-
rants, etc.!™ In catalysis, both chromium oxide and supported
chromium have been used in many reactions such as polym-
erization,® dehydrogenation,”® dehydrocyclization,!®!! and
selective catalytic reduction of NO, with ammonia.!>~* Various
techniques have been developed to synthesize Cr,O3 nanopar-
ticles such as precipitation,' precipitation—gelation,!6~!8 sol—
gel,'972! mechanochemical reaction, and subsequent heat treat-
ment,?? oxidation of chromium in oxygen,?* and sonochemical
methods.?*

Recently, it has been reported that chromium hydroxide gels
were precipitated from Cr (NOs); solutions by the addition of
hydrazine monohydrate.?> Hexagonal crystallites of Cr,O3 were
obtained at 380 °C to 405 °C, the space group being R3c. Hou
et al. prepared Cr,O3 nanoparticles with crystallite sizes of 17—
25 nm by evaporation of a Cr(NO;); solution.? However, the
most efficient method for providing a large surface area is
homogeneous precipitation, that is, slow alkalinization of an
aqueous Cr(NOs)s solution by hydrolysis of dissolved urea. The
samples obtained by this method are microporous materials with
a surface area of 250—350 m?-g~!, corresponding to a pore
diameter of 0.6—2.0 nm. To prevent the collapse of the initial
gel texture during the thermal treatment step, water was replaced
by methanol, followed by supercritical release of the methanol
at 305 °C. The produced mesoporous aerogels have high surface
areas of about 503—785 m?-g~!, which correspond to a pore
diameter of 20 nm.?” Therefore, several groups reported the

* To whom correspondence should be addressed. E-mail: zfyancat@
hdpu.edu.cn.

T University of Petroleum.

# University of Queensland.

direct synthesis of highly crystalline and monodisperse metal
oxide nanocrystals via the thermal decomposition of organo-
metallic precursors.?®73 Hyeon et al. reported that y-Fe,Os
nanocrystals were synthesized by oxidation of the organometallic
compound Fe(CO)s as the precursor with trimethylamine oxides
as an oxidant.?® Yin et al. prepared relatively monodisperse MnO
nanocrystals using manganese acetate in a coordinating solvent
composed of oleic acid and trioctylamine.?® The quality of the
nanocrystals produced by these nonaqueous solution methods
is generally better than that of the nanocrystals synthesized in
aqueous solutions.>* However, to the best of our knowledge,
the preparation of Cr,O3 nanocrystals by solid thermal decom-
position of chromium salts at low temperatures has not been
reported so far. Here, we report the synthesis of controlled Cr,03
nanocrystals with mesostructure by the thermal decomposition
reaction of chromium salt, which is an inexpensive process to
obtain the mesoporous nanocrystals. Meanwhile, we investigated
the thermal decomposition of the mixture and the relationship
between the structure of the as-synthesized crystallites and the
reaction conditions.

Experimental Section

The mesoporous chromium oxide nanocrystals were synthe-
sized using citric acid as a mesopore creating agent by the
thermal decomposition of chromium nitrate salt in the autoclave
at low temperature. Cr(NO3)3°9H,0 and citric acid monohydrate
(CA) powders were milled separately and then mixed together.
The mixture was transferred into an autoclave and heated from
100 °C to 180 °C. The final products were washed with distilled
water and dried at 373 K for 12 h.

Infrared spectra of the as-synthesized samples were recorded
on a NEXus Fourier transform infrared (FTIR) spectrophotom-
eter using KBr pellets containing 1% wt sample in KBr. Powder
X-ray diffraction (XRD) measurement was carried out on a
D/MAX-IIIA diffractometer (Japan) with Cu Ka radiation
generated at 40 kV, 40 mA at a speed of 0.01°/s, covering 26
between 2° and 60°. Thermal gravimetric analysis (TGA) and

10.1021/jp053810b CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/08/2005

198



Synthesis and Characterization of Chromium Oxide

100% 01

80%

2
4
=

weight loss (%)
]
=
S
=4

20%

003

26 126 226 326 426 626 626

Temperature (°C)

Figure 1. TGA—DTA plot of chromium nitrate.

differential thermalgravimetry (DTG) of the as-synthesized
samples were performed at a heating rate of 10 K/min from
room temperature to 700 °C in air flow by using a WCT-2
thermal analyzer (Beijing Optical Apparatus Co., China). The
surface area, pore volume, and pore size distribution (PSD) of
the samples were obtained by nitrogen adsorption—desorption
isotherms. N, adsorption—desorption isotherms were recorded
on a Micromeritics Tristar 2010 nitrogen absorber. The samples
were degassed at 373 K for 24 h prior to analysis. The pore
size is calculated from the desorption branches of isotherms
based on the BJH and HK methods. Transmission electron
microscopy (TEM) was conducted on a Philips CM200 micro-
scope with an accelerating voltage 200 kV. The TEM sample
was prepared by dipping ultrasonically dispersed Cr,Oj5 particles
in ethanol on holey carbon grids. Scanning electron microscopy
(SEM) examinations were performed on a JEOL 6300.

Results and Discussion

The TGA and DTG curves of chromium nitrate are shown
in Figure 1. There are three different weight loss peaks at the
temperature ranges 25—110, 110—217, and 408—490 °C. The
first weight loss peak corresponds to the removal of water in
the salt. The second is mainly attributed to the decomposition
of Cr(NOs)s3 to form Cr,Os. The weight loss is about 64%, which
is close to the theoretical value. The third one may be ascribed
to the removal of the oxygen lattice of Cr,O3 due to heating at
high temperature. The decomposition reactions of Cr(NOs)3-
9H,0 are as follows?!

30—60 °C

Cr(NO,);9H,0 Cr(NO3);*(9 — 9H,0 + ¢H,0

60—180 °C
Cr(NO,),*(9 — )H,0 ———

Cr;,Cr""0 (OH),(NO;), + HNO; + NO + NO, + H,0

>120—150°C
_—

Cry,Cr"0,(OH),(NOy),
Cr,0, + NO + NO, + H,0

It is implied that Cr,O3 nanocrystals can be obtained at 110—
217 °C. So we choose the reaction temperatures at 110—180
°C to synthesize the Cr,O3 nanocrystals in this experiment.
Figure 2 shows the XRD patterns of the as-synthesized Cr,0O3
nanocrystals at different temperatures with a 1:1 molar ratio of
Cr(NO3)3*9H,0-to-CA. The rhombohedra Cr,O3 nanocrystals
(Figure 2) can be obtained above 130 °C with a precursor-to-
CA molar ratio of 1:1. The unit cell parameters and atomic
configuration for Cr,O3; samples are in good agreement with
the known values of well-defined nanocrystals of a-Cr,0s3,
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Figure 2. XRD patterns of chromium oxide obtained at different
thermal decomposition temperatures for 24 h with the precursor-to-
citric acid (CA) molar ratio of 1:1.

which belongs to the R3¢ space group with lattice parameters
a=4.958 A and ¢ = 13.594 A 32 The crystallite sizes of Cr,0;
samples, calculated from the Debye—Scherrer equation, are
about 10—15 nm, as also confirmed by the TEM image (Figure
3c). The SEM photographs (parts a and b of Figure 3) reveal
the morphology of Cr,O3; nanocrystals. Each Cr,O3 particle
consists of smaller lamellar grains.

The UV—vis spectrum of the Cr,O3 nanocrystals is shown
in Figure 4. Two UV—vis peaks are observed in the vicinity of
445 (a) and 600 nm (b), corresponding to the *A,, — *T}, and
4A,, — 4T, transitions in Cr;Os, respectively. The former is
characteristic of the Cr’* ions of six-coordinate geometry and
the latter of octahedral symmetry.

Figure 5 shows FTIR spectra of the Cr,O3 nanocrystals. As
seen in Figure 5, a broad band in the 3400—2500 cm™! region
corresponds to stretching modes of surface OH groups. The band
at 2010—2015 cm™! is ascribed to Cr=0 vibration. The bands
at ~1700 cm™!, ~1680 cm™~!, and 1400 cm~! are attributed to
hydroxyl groups associated with Cr** ions occurring in different
environments. The 719 cm™! peak is ascribed to the Ay, model
of Cr,0s. A single, strong band at ~590 cm™! corresponds to
the characteristic vibrational mode of a symmetric CrOg
octahedral of Cr,O3 in accordance with the UV—vis spectra
analyses of six-coordinate Cr3™.

From the XRD, IR, and UV—vis data, we can conclude that
the lattice of a-Cr,O3 nanocrystals is built on a hexagonal close-
packed (hep) array of oxygen. The octahedral and tetrahedral
sites are located directly above one another in the hep lattice.
The octahedra share faces along a 3-fold axis and are distorted
to trigonal antiprisms because of the Cr—Cr repulsion across
the shared face. This crystal structure leads to a highly dense
structure offering high polarizability, high refractive index, and
intense color.?® The crystal lattice of the Cr,O3 sample synthe-
sized is shown in the Figure 6. The character of the atomic
structure and electronic configuration is important for the
electronic, optical, and magnetic properties of Cr,Os.

Figures 7 and 8 show the nitrogen adsorption—desorption
isotherms and pore size distribution of Cr,O; nanocrystals
obtained from the 1:1 ratio of Cr(NO3)3;*9H,0-to-CA at different
thermal decomposition temperatures for 24 h and at 140 °C for
different decomposition time. Nitrogen adsorption—desorption
isotherms (Figures 7a and 8a) indicate that the isotherms of
Cr,03 nanocrystals are of type IV, according to the IUPAC
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Figure 3. SEM photographs and TEM image of the y-Cr,O; nanocrystal. (a) SEM image (x 30 000), (b) SEM image (x 100 000), and (c) TEM

image.
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Figure 6. Crystal structure of the a-Cr,O3 nanocrystal.

classification, exhibiting the characteristic hysteresis loop of
mesoporous materials. This means that the materials obtained
by solid thermal decomposition have a mesoporous structure
with a wormlike shape. The low-pressure portion of the
isotherms is like I type isotherm, indicating the existence of
micropores. Therefore, the Cr,Oj particles possess mesoporous
and microporous dual structures, which are attributed to the
removal of CA. Citric acid as an organic additive disperses fully
in chromium nitrate. When the mixture is heated, the space
occupied by CA remains as pores due to the decomposition of
CA. The shape of the pores formed from CA is like vermiform.
From Figures 7b and 8b, we can see that the mesopore of
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chromia prepared with this method possesses bimodal distribu-
tion at about 3.5 and 7 nm.

The above results show that nanocrystalline chromium oxide
with the mesostructure can be synthesized by the solid decom-
position reaction method. In the process, citric acid has an
important effect on the mesopore formation of Cr,O;. We
prepared a Cr,O3 sample without CA using the same process
and found that the resulting sample has no pores, which indicates
that the presence of citric acid in the mixture is critical for the
formation of the mesoporous structure. We will investigate the
pore formation mechanism and structure of Cr,O; obtained.

The shape, size, and pore structure of nanocrystals can be
controlled by the precursor-to-CA ratio, thermal decomposition
temperature, and thermal decomposition time. Figure 9 depicts
the XRD patterns of Cr,O3; samples obtained in the different
ratios of metal salt-to-citric acid at 140 °C. It can be seen that
amorphous hydrous Cr,05 particles (CrOOH) can be observed
in the lower and higher ratios of chromic salt-to-citric acid (1:
3, 1:2, and 1:0.3). When the ratio of the precursor to CA was
in the medium range such as 1:1 and 1:0.5, the CryO3
nanocrystals can be obtained. In the decomposition reaction of
chromium nitrate in the autoclave, due to the existence of an
organic additive, Cr3" ions tended to form entangled cross-links
with molten CA3*33 through hydrogen bonding. The excess of
citric acid restrains the condensation of oxonitrates, resulting
in the formation of CrOOH particles in the lower ratio of Cr-
(NO3)39H,0. With the increase in Cr(NO3)3°9H,0 content, the
crystal growth proceeds and the crystals are formed. However,
at a higher concentration of Cr(NOs)3°9H,0, it causes the
increase of nucleation to produce a mass of crystal nucleus,
which tends to form amorphous Cr,0O3 particles. We also found
that when the reaction temperature was raised or reaction time
was prolonged, the crystallite sizes increased accompanied by
the broadening of the size distribution (Figures 7b and 8b). From
Figure 2, it can be seen that mesoporous Cr,Os crystallites
increase with decomposition temperature, which is caused by
the crystal growth. Tables 1 and 2 list the surface area, pore
volume, and pore diameter of as-synthesized Cr,O3 obtained at
different thermal decomposition temperatures for 24 h and at
140 °C for different thermal decomposition times, respectively.
The surface area and pore volume of Cr,O3 samples increase
with the rise of temperature and prolongation of time, which is
caused by the full decomposition of CA during heating.

In addition, the hydrate water has a crucial effect on crystal
growth of Cr,O3 from the nucleus clusters. It is found that the
crystal nuclei of Cr,O3 are formed at a short reaction time from
the XRD patterns (Figure 10). With the prolongation of reaction
time, to find the low-energy configuration interface from
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Figure 8. Nitrogen adsorption—desorption isotherms at 77 K and mesopore distributions for the Cr,O3 samples at 140 °C for different thermal
decomposition times when the ratio of Cr(NO;);*9H,O0-to-CA is 1 (+, 9 h; O, 12 h; x, 36 h; A, 72 h).

TABLE 1: Surface Area, Pore Volume, and Diameter of As-Synthesized Cr,O; at Different Temperatures with the Cr

(NO3);3°9H,0 and CA Molar Ratio of 1:1

SA SA PV PD PD

SA¢ MSP MI¢ pv¢ MS¢ PV MV PD# MS# Mr
sample (m?/g) (m?/g) (m?/g) (cm?/g) (cm?/g) (cm?/g) (nm) (nm) (nm)
Cr,03-130 141.4 103.6 29.0 0.171 0.156 0.0135 4.83 6.04 0.64
Cr,03-140 207.2 139.0 522 0.185 0.150 0.0657 3.34 431 0.70
Cr,03-160 222.0 140.7 60.5 0.220 0.192 0.0628 4.24 5.46 0.60
Cr,03-180 334.0 2359 13.4 0.212 0.174 0.0843 2.54 2.95 0.71

“BET surface area. ” Surface area of mesopore. ¢ Surface area of micropore. ¢ Total pore volume. ¢ Pore volume of mesopore. / Pore volume of
micropore. € Average pore diameter. # Average pore diameter of mesopore. ' Average pore diameter of micropore.

TABLE 2: Surface Area, Pore Volume and Diameter of As-synthesized Cr,O; at 140 °C for Different Crystallization Times

When the Ratio of Cr(NO3); and CA is 1:1

SA? SA MS? SA MI¢ 13 PV MS¢ PV MV PD# PD MS”" PD MI
sample (m%/g) (m%/g) (m?%g) (cm¥/g) (cm¥/g) (cm¥/g) (nm) (nm) (nm)
Cr,03-9h 160.3 121.3 22.6 0.180 0.160 0.0102 4.48 5.54 0.61
Cr;05-12h 194.1 109.6 56.6 0.191 0.156 0.0273 3.94 5.70 0.62
Cr;05-24 h 207.2 139.0 52.2 0.185 0.150 0.0657 3.34 431 0.70
Cr,03-72 h 211.5 141.1 37.7 0.222 0.196 0.0172 4.19 5.57 0.63

< BET surface area. ” Surface area of mesopore. ¢ Surface area of micropore. ¢ Total pore volume. ¢ Pore volume of mesopore. / Pore volume of
micropore. € Average pore diameter. # Average pore diameter of mesopore. ' Average pore diameter of micropore.

nanocrystals and nanocrystal aggregates, the nuclei aggregation
will further increase to form nanoparticles. The N, isotherms
and pore distribution of Cr,O3 samples obtained at different
thermal decomposition times are shown in Figure 8. It has been
seen from Figure 8 and Table 2 that the pore structure and shape
have no change but only the size distribution of the samples
becomes broader, that is, the particle size of aggregates
increases. In the solid thermal decomposition reaction herein,
the hydrate water of the mixture provides surface hydroxyls
that act as binders, making the nanocrystals aggregate. The
aggregation process is slow in the solid reaction. It is easy and
effective to control the particle size and distribution during the
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aggregation process by controlling the water present in the
system. The larger the surface hydroxyl density, the larger the
particles that form. Meanwhile, the addition of citric acid
monohydrate hinders the continuous growth of grain through
aggregation of the nanocrystals to form larger particles.
According to the above analyses, the thermal decomposition
process of Cr(NO3)3°9H,0 through the addition of citric acid
monohydrate as the mesoporous template agent results in Cr,O3
nanocrystals as the building blocks to form a mesoporous
wormlike structure of nanoparticles. The formation mechanism
of mesoporous Cr,O; nanocrystals is proposed as follows,
illustrated in Figure 11. After uniformly mixing with CA,
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Figure 11. Schematic diagram of the possible mechanism for

mesoporous Cr,O3 nanoparticles formation.

chromium precursors interact with the CA to form the CA—
Cr(NO3)3*9H,0 composite through hydrogen bonding and
electrostatic interaction. Thus, the CA—Cr(NO3); composite
decomposes accompanied by the decomposition of the chro-
mium salt and free CA during heating. Since the strength of
hydrogen bonding between Cr3* and oxonitrates of chromium
and hydroxyl group in CA is not so strong as to restrict the
condensation of chromium salt during heating, the Cr,O3
network can be formed despite the existence of CA. The
introduction of organic additives effectively disperses inorganic
species and inhibits the growth of particles. The space occupied
with CA creates the disordered wormlike pore of chromium
oxide after the thermal decomposition of CA. We also found
that there is an optimum amount of critic acid as a dispersed
template to stabilize the mesostructure and to achieve maximum
porosity.
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Conclusions

In summary, mesoporous a-Cr,O3 nanocrystals are prepared
by a solid thermal decomposition of chromium nitrate with CA
as the mesoporous template agent. The as-prepared particles
are formed through the aggregation of the primary 3—4 nm
nanocrystals and possess mesoporous structure. The XRD, N»
isotherms, and TEM results suggest that CA has an important
effect on the mesopore formation of Cr,O3; nanocrystals and
acts as a template. The size and pore structure can be tuned by
the synthesis conditions, which is achieved by the amount of
hydrate water and the addition of citric acid in the mixture
system. The binder effect of surface hydroxyl groups is
emphasized on the controlled aggregation of metal oxide
nanocrystals because only the vicinity of particles can aggregate
through surface hydroxyls to form Cr,O; aggregates. The
thermal decomposition of citric acid organic molecules makes
the space occupied with CA as pores. In addition, such
mesoporous Cr,O3 nanocrystals will have potential applications
in heterogeneous catalysis and we will further investigate the
relationships between crystal structure, surface morphology, and
catalytic activity.
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A new composite
ionic liquid (IL) al-

kylation process has been |4

proven in a pilot plant
and rerrofitted invo an
existing 65,000-tonne/
year H SO alkylation

unit in China. This article
discusses the new process, ionikylation,
and presents results from the pilot plant

onic liquid alkylation process
 produces high-quality gasoline
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H{!Fillilflg |

and retrohi-
ted unit.
Process
reactions
take place
at ambient
lempera-
tures and

moderate pressures, Alkylate from the
wnikylation process compares favorably

Zhichang Lin to alkylate from HF and H S0, units but
EEE Zhang - without the safety and environmental
unming Xu el
China University of Petraleum G
Beijin .
G Alkylation
Rongan Xia Isobutane alkylation is a common

PetraChing Langhouw Petrochemical Co,
Lanzhou, China

refinery process used to produce high-

quality gasoline (CHG], Nov, 12, 18290, p
/%), The most desirable componénts in
alkylate gasoline are rimethylpentanes
{TMPs), which have research octane
numbers (ROMNs) greater than 100,

Cemventional alkylation processes
use gither H 50 or anhydrous HF acid
as catalysts. This has significant safity
and environmental concerns due to the
handling of large quantities of spent
H_ SO or hazardous HE

solid acids have shown promise as
less hazardous catalysts tor alkylation'
and have been subjected to extensive
pilot scale testing.* * Solid-acid catalysts,
however, deactivate rapidly, resulting in
lovw product yield and loss of reaction
selectivity.”

The rapid deactivation is due to a
buildup of carbenium i1ons on active
sites of the solid catalysts. Cmee this car-
honaceous material is formed, 1t 15 dith-
cult to remove from the nareow catalyst
pores, Moreover, the cost of selid-acid
catalysts is relatively high and there i
no technically sound method tor regen-
erating spent solid-acid catalysis,
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cally used as solvents and homogeneous
catalysts® due to their negligible vapor
pressure, good solubility to a wide
rangé of organic and inorganic com-
pounds, and ability to be recycled for
reuse.’

Acidic chlorcaluminate (111} IL has
bieen used as a homogeneous catalyst
for isobutane alkylation, Its use elimi-
nates the diffusion limitation present
with solid-acid catalyst systems, and
alkylated gasoline is easily separated
from the 1onic liquid.*™

TMP vield and selectivity, however,
are low in systems with conventional-
[L—with and without adjusting the
IL's acidity by varying either the molar
fraction of aluminum chloride (AICL}
of the IL or adding hydrochloric acid
(HCL. 1002

A study showed that adding aro-
matic hydrocarbons and metal chlorides
o aluminum chloride-dialkyl ether
complex enhanced TMP selectivity. It is
theorized that adding aromatic hydro-
carbons and metal chlorides enhances
the acidity of catalyst for alkylation
reactions and inhibits undesirable side
reactions such as isomerization and
cracking !

In subsequent experiments, aromatic
hydrocarbons and cuprous chloride
(CuCl) were added to a conventional-
IL, which showed high TMP yield and
selecrivity, "Y' " Adding CuCl to an alu-
minum chloride-dialkyl ether complex
ar conventional-1L, however, results
in formation of a fine suspension that
is difficult 1o separate and recycle in a
continuous-flow system.

Composite-IL catalyst

A further development in the com-
mercialization of IL-catalyzed isobu-
tene alkylation is the development of
a compaosite-TL catalyse. It is a liquid
compound, which is synthesized with
1 conventiomal-IL catalyst and CuCL™
The composite-IL catalyst has anions in
the form of ligands with two or more
metallic centers,

Fast-atom bombardment mass
spectrometry (Fig 1) and “Al nuclear
magnetic resonance {NMR, Fig: 1) show

Dl & Gas loumal £ Oct. 23, 2006
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that a relatively high quantity of multi-
center ligands of AIC] CuCl™ are formed
in the composite-IL catalyst, By com-
parison, only a few AICL CuCl™ ligands
were detected 1n the IL-CuCl system

when Cull was added to a convention-
al-IL catalyst.'®

Pilot plant

Extensive bench-scale laboratory
tests were conducted to optimize the
compaosite-IL catalyst's performance in
alkylating isobutane.'" The ionikylation
process was demonstrated in a con-
tinuous-fow pilot unit with 4-1. /hr
equivalent alkylate gasoline production
for 60 days.

Fig. 3 shows the process flow dia-
gram of the pilot unit. The pilot unit
was constructed from carbon steel.

The composite-IL catalyst used in the
pilot test unit was prepat'ed COMIMET-
cially with industrial-grade chemicals.
This was done to determine the effect
of impurities on the composite-IL cata-
lyst due ter isobutane alkylation reac-
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tions, The compasite-1L catalyst was also
subjected to an aging test by storing it
in & tank for 8 months hefore the pilot
1est,

Fresh feed was a mixture of isabu-
tane and a heavy C, fraction (primarily
butene-23 in a 1:1 ratio. These streams
were obtained from a commercial refin-
ery. Fresh feed, recycled isobutane, and
& mixture of excess isobutane and alkyl-
ate gasoline from the top of the settler
were fed o the first static mixer.

The stream from the first static
mixer was combined with the recycled
composite-IL catalyst and fed to the
second static mixer where the isohutane
alkylation reactions occurred at 15° C.
and 0.4 MPa.

Reaction products then flowed to a
settler. The composite-IL catalyst, which
is heavier than alkylare gasoline, was
collected from the bottom of the settler
and recycled and reused. A split stream
of excess isobutane and alkylate paso-
line at the top of the settler were recy-
cled to the frst static mixer. Remaining




i
PILOT PROCESS FLOW DIAGRANM g™ EMEL s Pl
Hecyeled isobutana Exchanger The ratio of
= TMPs to dimethyl-
hexanes (DhHz)
—— Gas :
e Q i in alkvlate gasoline
drum 15 an important
5 _ ‘ key criterion for
—*Q @'— . | comparing the
I performance of
_ alkylation catalysts
Frn:r-:l r Statlc Fractionator Alkvlate from
Loy mu<elr =
: — L kb GThid the composite-
. Eratic e IL catalyst had a
—Q_ Fhlxer =EIRE high TMP:DMH
P ——— 'E t i : i .
s o il raticy, indicating
Ciatalyst | | e that a relatively
drum ' B small amount of
G undesirable side
—ng Raboilar reactions such as
Alitata gasotinn isomerization and
. -Q cracking occurred.
Composite-IL catalyst recyecle = ;
The high C, yield
and TMP selectiv-
!':'I controlled with ity of composite-
E.H.‘!IMTE E[Hu'l'i]ﬁﬂﬁ[ﬁd Tabim 1 he Bow f “atalvs « o] hiol §
the Row rate o IL catalyst are due to high concentration
Prooess — recycled isobutane  of AIC] CuCl ligands.
Yiekd, wt % bonikylation HF* H,50* : : ! - ;
hiiniscsd 0, and the mixture of Performance of the ionikylation
E: e s ik excess isobutane  process in the continnous pilot test was
'E; 2 gﬁ"-? o and alkylate gaso-  comparable to that of the bench-scale
B .4 2.6 5.7 line. The reaction  test, This shows that the commercial
GOMMEONEnTS : - - !
Cﬂrr.gpgt_mp BiLE HE 3 TR ime was 10 min, composite-IL catalyst performed in a
ek ] 1.6 e ; P B i
L S A% e which dﬂ]:lt]‘!dﬁd sitnilar manner as that developed in the
2,3,3-TMP 16.1 10.8 19.8 upon the residence  laboratory, and its activiry was stable.
2.3 4-ThaP 19.8 8.8 1A : :
D?IJEDMH E_g 0. a0 1me in T]"I'-':'_f 5‘&{":]]:]{_1
- 1 . = ! :
A DMH o E 2 static mixer and
2.5:IH 1.3 - - sedimentation ﬂl[ﬂLME GASDLINE FROM lalle:?
35-DMAH u " = S | {ORIICYLATION PILDT
FEP.DMH rtin 14.8 B8 a0 time in sertler.
B 1001 8973 = A . , Tast
MON a6 0 65 7 5 4 The valumetric standard
*Date sowrce: Aalerence 17 SE : %atm of S ) Cictane rating
ite-TL catalyst to RO 1001 EE}T H47H
} 95,0 [-503
_ the stream from Antiknock index 976 GEYT 547
products from the top of settler were the first static mixer was 1.2, This was e iR Gﬁma,r'r%ggg
fed ter a fractionation column, done to maintain the composite-1L cata- ok S
Isobutane at the top of the frac- lyst as a conunuous liquid phase, which B0 1110
tionation column was cooled and helped achieve high TMP selectivity sl Y984
recycled to the first static mixer. It Fesidusd, vol % 8
‘:r | 3 : x 3 rep, 1,000 Fa 255 GETRO1T
maintained a relatively high isobu- lonikylation performance Actusl gum,
: . : ]
tane-ta-clefin (1:0) ratio and low re- Olefin conversion was constantly |r?ﬂmﬁ':"mml 1 GETaM3
action temperature. Product n-butane  more than 99% for the entire pilot test T Sotiaar =008 At Debae
and alkylate gasoline were obtained period. Wi ' 0003 GBI 17040
. Wy - : Lioctor test Fass SHIT 74
from the middle and botom of frac- Table 1 summarizes the product Cappar coFrasian
tionation column, respectively. yvield and properties of alkylate gasoline. E‘.f,‘” .]f_;.je ta  GR/T 5096
The overall I:O ratio of reactants The C_vyield in alkylate pasoline was Aromnatics, val % 0.3 GET 1112
, yicid inalkylate gasoline was Alkenies, val % 0 GET 11132

in the reactor was 500, which was

higher than 95 wt % and the yield of
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Meither the composite-1L catalyst nor  a commercial static mixer that is much Commercialization

its decomposed species was detected simpler and cheaper than the reactor The successtul demonstratdon of the
in alkylate gasoling, indicating good used in the H 80O, alkylation process. ionikylation process prompted Petro-
separation of composite-1L catalyst from Because ionikylation uses a compos-  China to retrofit an existing 65,000~

alkylate gasoline and chemical stability  ite-IL catalyst that is noncorrosive, car-  tonne/year {tpy) H,SO, alkylation unit _
of composite-IL catalyst, Metallurgical bon steel can be used for the hardware  (Fig 4). A new surge tank was added ]

mspection of the pilot unit indicated such as reactors, piping, tanks, pumps,  to recycle the composite-1L catalyst and
that no detectable corrosion eccurred and valves. The control corrosion test allow the spent catalyst to settle.

in the process units during the 60-day  of the composite-IL catalyst on carbon The internals of the settler were
continuous pilot test, steel indicated that the corrosion rate maodified to enhance the separation

Also included in Table 1 are perfor-  was less than (.001 mm/ year. of composite-1L catalyst from alkylate
mance data of H 50, and HF catalyzed lonikylation can be easily retrofitted  pasoline. The operating conditions in
isobutane alkylation processes.” In gen- o an existing H 50, or HF alkylation the selective hydrogenation unit were
eral, the ionikylation process produces  unit. maodified to meet the required concen
2 higher-quality alkylate gasoline than tration of 2-butene in the feed C_ frac-
either H 50, or HF alkylation processes, tion for ionikylation.

Table 2 lists the de- Table 3 shows commercial
tailed properties of alkylate performance data before and
gasoline produced by the ﬂl;j{TLA]'E FROM COMMERCIAL H.S0, URIT bl 3 after the retrofit. The yield
ionikylation process. The e R and RON of commercial
quality of product from the — H,50, alkylation — — lonilylation — ionikylation alkylate gasoline
ionikylation process ex- ' Hnﬁ.;;m“' ml% H:T;.?“' :EI% are 75 wit % (based on the
ceeded the specifications for T C. - 3 24B 3 amount of C_ fraction from
pasoline, such as higher RON Product hg;::gllﬁﬁ& 'i%g:g T’E:H TEE:; TE;E the MTRE umnit unﬂtrﬂaj]l]}
and MON, lower rvp, and G 41,7 23.2 53,7 217 and 98.8, respectively This
emperature at 50% and $0% %3?; 115'?;. %E 948 100 is higher than the yield and
distillation yield, S Eeh b RON from H 80 alkylation

MON 93.0 83,1 (73 wit % yield and %5 RON)
Benefits it ;i s hefore the retrofit,

Operating conditions in i il gk 450 The retrofit also increased
grl_w-. .1::-1111-:}-'!;11:11'.-:1 PrOCEess are ggéz .}[;Eég 11533:3 the process unit’s capacity
similar to those of commer- Final boiling poent 132.0 154 0 by 40%, 10 248 tonnes/day
cial H SO, and HF alkylation el i BT (tped) from 180 tpd. The
processes. The reactor used Egﬁfeﬁrgﬁgmi“" BERE L ; : economics of increased yield

Uin tonikylation, however, is ' and RON of alkylate gasoline

0 & Cas foumal £ O 23, 2006 55
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from ionikylation are attractive, even
though the cost of the composite-IL
catalyst is more than H SO .

Compared with the pilot test results,
the commercial performance of retrofit-
ted fonikylation was less than optimal,
This is due to the use of an existing
Stratco reactor system, which has a long
reaction time.

This results in increased side re-
actions such as cracking and isom-
erization, which form light and heavy
compoenents in alkylate gasoline. These
are evident from the shift in distillation
ternperature at 10% vield {81.5% C. vs.
28.6° C.} and final boiling point (154
C. vs. 129.4°% C) when comparing the
pilot results with those of the retrofitted
Lnit.

We are currently conducting process
optimization work to improve the com-
mercial performance of ionikylation
further by varying the size and type of
static mixer and potentally replacing
the Stratco reactor with a static mixer (o
minimize reaction time,
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£ HF R SAPO-11 HFIF KA RS EE

SRREMR , FRBER, &= OMS, HFHEE, £ OBl
(P EA IR 6D TP E R A%, 6T 102249)

W 125 HF RRP AT SAPO-11 470 JER A X ST ATST FaHi v/BE IR U BRI B 21 S BRI B 72 5 7
LB S T BOM L HE T T 2R AF . S5 IRFEW AR TR HE S8R R FE HE KR A Y SAPO-11 4 10 A i 235 it S 42
12 T T B SR 0 TR SR SR AR R AR N SRR LB S TR, AR R
HF J& SAPO-11 4310 b B i HP L ) S i e R S5 Fe R AT PP e o O ) L T Tt sy T L T I e R 1 R TG P S 2
REBIHE . SAPO-11 7319 ; AL, dbfl s BRYE ; Ak

HES2ES : 0643 SCERFRIRAS - A

Synthesis and Characterization of SAPO-11 Molecular Sieve
in the Presence of Fluoride Ions

ZHANG Shengzhen, CHEN Shengli ~, DONG Peng, JING Xiujuan, JIANG Kai
(State Key L aboratory of Heavy Oil Processing, China University of Petroleum, Beijing 102249, China)

Abstract : The silicoaluminophosphate SAPO-11 molecular sieve was synthesized by the hydrothermal crystalliza-
tion method in the presence of fluoride ions and characterized by X-ray diffraction, scanning electron mi-
croscopy , N» adsorption, Fourier transform infrared reflectance spectroscopy , and temperature-programmed des-
orption of adsorbed NH;. The results showed that the addition of HF increased the crystallization rate of SAPO-
11 and decreased the crystallization time considerably , and hence the relative crystallinity of SAPO-11 increased
whereas the defects in the crystal lattice decreased. Prismatic crystal aggregates of 1~3 um in length were ob-
tained in the presence of HF during the preparation of SAPO-11, whereas spherical aggregates with diameters of
8~10 um were synthesized without using HF. The SAPO-11 synthesized in the presence of HF possessed lower
BET surface area, higher pore volume , and larger mean pore diameter and crystal size than that prepared with-
out HF. The addition of HF into the synthesis system decreased the amount of surface acid sites and increased
the acidic strength of B acid sites on SAPO-11, while the amount of L acid sites kept constant.

Key words: SAPO-11 molecular sieve ; hydrogen fluoride ; crystallization ; acidity ; synthesis

UTAER , SAPO-11 20 T AHMIFRUFLIEES M AYEZES A Rt 2 o [A) — F ESRA A il 4 X —
KT AR ERNE AR R BEke i AL S AR FORA Sz O AR A AR i IR e 6 S R
R R AR L T R AR Fheke e Rm B A
()PP SIS R B 7 T 1 = e (B, RO St ] SAPO-11 73 1~ fili AR By & — B A2 A 45 ),
T AR R RE USRI M SR R sit™, PP AL T LAY AR T 5 R B (L T il
A A G S 7 P B BRI RO R AT, B ARG, HARSE U IC R LI A d P TR
BT AMAIRAGER. B, SAPO-11IBE a-ffihe FI/NTTERAA R A [ 2 — 2 B fLIE L7250 0.39
OWRE: 0060028 FAEE KIER 5 1976 S WEBIE.

BRAN : BREER]. Tel: (010)89733396, (010)89733783 ; Fax: (010) 69724721 ; E-mail : slchen @cup. edu. cn.
FEEWE : PEATHRAER LA TR E FOIH 4 (04 E7035) FlH EA TR SRSB4 FIRHL XS G &4 e Bhm H .
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kIR & & HF R SAPO-11 40 T & LS = AE

869

nm X0. 64 nm. SAPO-11 4 72 H S AIPO-11
[F] A = 4E B Rei A o ABL RO, 3 SR /K Gk
B SAPO-11 5370 A et A8 JRORE B 1 BeFn e
FU BT BT T3 5 A AU R A 25 TR AN 2R A~ i
AR TRRTE T AR pH (S X =M R IR K &
MR 5 SAPO-5 M SAPO-31 524

R TR A A B R S P IFAE
AMGEEZ I AE A |1 HIE A 554 5 7 S AR
YER. B T-REB G AN —FEE AR R 25
ORI E CE MR A R AR e DY SClk 13 ~
1715 AAE 5 BB TR R AT SAPO-31 &
SAPO-34 7311 K BLARUES TR AT LR & 70 7
O 2 I IR I A R Li B A R
AR LA HE AT MgO A2 & ik
AT HI4E T MAPO-11 A5, 1% RSP 2 5
A4 1 AIPO-11 &fbr RSF 1 8 15 IF HL b i
R KRS 285 5 A g . T30 1 I i AR
SAPO-11 H 5 ik ~ 25 14 B A0 A o Plr 72 A= B 52 )
H A AR 2

RIAES HE R AT G T SAPO-11 431,
FELE X FHEATET (XRD) « 5L (SEM) ~ KR
R I V20 AN (FT- TR) A B 42 1 72 e T
TRMEFH (NHs- TPD) 55 F BEEAE T L], H 5 T
HF X SAPO-11 731 ) & i <45 14 S P 4b 14 B )

5.
1 SERERS

1.1 SAPO-11 S FHEHIHI4&

SR AR AR A8 (w (AL Os) =70 %, M
AELEIA]) « BRPEREARL (w (Si0,) = 25 %) FHBER
(w (H;PO4) =85 %) AR AEIF BT LA 1B
2 (DPA , fb224) 1 —F P (DIPA , fL224h) 1Y
BB . 5 — 8 B R LR A8 ) 245 FE
B AEE A A BB R A S I BR M e
IR AR AR A R SR JE A —E 51 HF ,
PERATS R MEIR A . 5 S W P e A2 A
RGBT REF R L S &5 AE 160~
240 CHAEI FESML 2~48 h. WL ™P&
e e T 100 CTHE 8~ 12 h RITS 4 11 )i
¥y, JE HE AT SAPO-11 4 1R F AR IR 75
Bl ORI BRI HE.
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Y TERE R AR ZER , Cu ¥E | K, FRATIR B HE 40
kV, B HE 30 mA, HIEE 20=5"~40" , A
T 27/ min. B IR S5 6 E O XRD
20=8.09 ~23. 15" [A] 1 Iy A3 R AiE A7 ST e 0g T FH 2.
FIE AR VERE i (R SE 36 =2 & R 45 0 B 5 i 1
SAPO-11 537t ) B Fr A7 R AiE Ve 0 T R 2 FH Y EE
1H.

SKF H 7 HITACHI 4200 AL 7 2436
MEERE L R TETE AR R TR SR B 4

FH - 196 CN RS- MEFT 77 245 5 EH Mi-
cromeritics 2~ HI4EF= [ ASAP 2020 £ HRE H 3hk
BEHSL_ERT 730 ) L e T BRI AL IR T I . R
N, W 2 EFIRT R TT (p/ po) 1 0.05~0. 30 [H]
MOECHE T B Y LE R TR (4 per) . BIH
FEHFFLAURT (V) KPR (d)

7E BIO-RAD FRS 3000 %! FT-IR £ 4N %Y
EWE SAPO-11 WRBF ML E LT 4615, B e A
P Ay I A P R BT A AR AL SR AL
W s FHEZE 350 C, f#5F 2 h, AR EL A
<1 X10™°Pa, R A =EMN T - OH ML IMER ;
SRIGAEZE R T 1 JRU it v O A e 28, 4 3R A
P 15 min ZWFHER KR RS HITHREE 200 FI
350 CELZSM (B2 <1 X107 3 Pa) , TR &
FEIR ML A E .

K H NHs- TPD J7 ¥ X 40 71 1) o i 2R 7 3
fE. SEEGAEE A TP 5000 22 FHUM A CRHEESEAL
IEREIRAT]) |, SEHAMEA - FREL 200 mg fEALF
FERVE T 95 LA R 20 ml/ min B9 RSN
AR SEAE 500 CHEIE 20 min LABEEREAL
T TR 28 B SRR S 21 2 100 C; YRR
g B NH; S ZEWRFHEF 4k akim /S —
B R] | LA B A it 2 1 0 BB A 1 2 SR 05 LA 10

C/ min MHRTHR S 500 CUEHT NH; BiM &5
1£500 CFA25E 30 min. > TCD 4 &% 5%
NH; FHIEBR A5 5, ) A FH e 56 T2 AR O A o
FR IS AR A TR i P SR

2 GRSHE

HF P,0s LI
AIE] SAPO-11 FEfH I XRD 30 & 1 fros. #H
PR R A e 20=8.1",9.4", 13.1°,
15.67, 20.37, 21.0° I 22.1" ~23.2° &b ¥ 3
SAPO-11 FRHIEIEN) | A H 26 iuid B 15 B
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B HF A A 43 7 08 R i B A B0 1 ABL
PSS PRI B 145 S . 7E HF fR7EM A
f9 SAPO-11 HYHFAEAT ST I B 2 e B8 B 2 A2 7% iy
Scherrer 24 3 P 15 H 12 R i 19 3508 ok R~ oy
50.8 nm, KTJC HF AR H B SAPO-11 HIfH

btk (46. 9 nm) .

Intensity

20/(°)

B 1 Fifi SAPO-11 SRR XRD %
Fig 1 XRD patterns of as-synthesized SAPO-11 samples
without (1) and with Hr¢ (2)
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WHFE S SAPO-11 4310 Y AT & &t B 5 JF HLAE
190 C, 24 h FIR N IREYIZHEL 1. 0P,05 1. 0AL 04
0.4Si0, 1.0 (DPA + DIPA) 28H,0 AZ5 [y & 1
T ,24 HF P,0s [ 0 #§KF] 0.8 I, SAPO-11 I 4H
KEEEREE B 72,1 % K %] 89.9 %; EEHE&MH
A KL IRIERESE 175 C, & HF (R R F153]
[ SAPO-11 43 1T B iy IO AH X &5 ot JE o HE 0 T
HF R R TR I RE R IS s, X TREE AT
FE4 HF 7R R FRAAAE P8 T BN BRI
Ff AT /D T 407 S AR B BRBE AR T e
JR b B 931 AR 5 T R R R TG RS IR
{4 1E FEAF K22 H 97 OB B R e Jl 1) 70 LT AT
fir RS2 5 TR A G BUELE E
B0 A ARAHINAK] HE 5 DPA F1 DIPA #f
HAER U R A BRI 2E N BIRFL 2 07 14 B 22
HAE dn A R R R R B0 A 4R A O
SAPO-11 731 I G &5 48 S I EH. 4 HE/
P,0s > 0. 8 I kLM I HF [+ BRI 45 5 8 R
TN X2 T HEE HF BOBH R B K & 1
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p H BT A 25 Y56 ]l 8 R 9 e 1 3k S o e, (i 4
RIBEAREFTEL
2.2 BACRERE

WK A K SAPO-11 Ay FE P | AL IR
LMK (A R B A4 T B0 537 0
PRI A% 5 ARG LA A RS TR) A FH AR AT 52 1 43
T A Al I AR B A A T Y ) 4 PR SR AR 5 44
Bl 2 24 HF FAEAA T s AR X5 B SAPO-11
M52, 7E 160~230 O, & HF SRR TS
TR AR SAPO-11, HLEEZE Sk 15 A 4
15 SRR £ i S K IX AT RE R T
PR ANEURT DAZE S5 &b (AR B BRAL 75 0 18 mT LA
UNTINRER ST

100

90 -
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70 [

60

Relative crystallinity (%)
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g0l )
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Temperature ('C)
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B2 & HFERFRGEEXTG R SAPO-11 4-FHREHIR IR
Fig 2 Effect of crystallization temperature on synthesis of
SAPO-11
(Crystallization conditions: 1. 0P,05 1. 0ALO3 :
0.4Si0, 1. 0(DPA + DIPA) 28H,0 :1.0HF, 18 h.
DPA — Dipropyl amine , DIPA — Diisopropyl amine. )

A B TR Y R T
PEOCHR[21 , 22 1 4RIE , WRK GG K SAPO-
11 510 A£ 4~6 h A GERIE] SAPO-11 &
1,20 h JG &AL SE4. 1E HF fE0EF1 AL TR A
200 CHIZAFN BRI [ENT A B SAPO-11 7311
SRR 3 AE 4 R, RS UK R
BN HF & 90068 I 0 4L -S5 A6 AL 0 10 2k
—FE AT EBR RN S A AIPO, JT AR, Y
A AR AR TH HF fFER AR A 2 n B RIS
o E] SAPO-11 fhAH , HLEA 82.2 %1 AH X 45 i
JE 5 AR JEORHEH B [R] B 4 00 T R K G A
B, Al 4 b JETJE SAPO-11 S AH AR (A 3
(6)) , EHZ 6 h I A REAL W2 5 55 1Y RRAE AT S 1
UtHA HF BIIIARERS B 4550 SAPO-11 W55,
h A% R K & HF K R AL 8 ~16 h B ED
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x Berlinite
& AIPO,-cristobalite
(6) o SAPO-31
(5) o
£ ,JJL_/\A_?L/J\/A\VN/\M
@ Q
g 4) ~
£
3) Al
2)
U A X
IR IR | o a1 |
5 10 15 20 25 30 35
260/(°)
B3 & HF AR PARRE SR EERA
SAPO-11 53-FHHI XRD

Fig 3 XRD patterns of SAPO-11 samples prepared in thc presence
of HFfor 0 h (1) ,2h (2) 164 (3),30h(4) and48 h
(5) , and SAPO-11 prepared witkowt HF for 4 h (6)
(Crystallization conditions: 1. 0P, ‘1. 9AL,O3 0.4Si0, :
1.0(DPA +DIPA) 28H,0 1.0HF, 200 C.)

100
g 90E
Z\
£ r
E]
g gl
15
2
k]
S 10|
I
60 doo L | - 1 - | | L
0 6 12 18 24 30 36 4 &
t/h
B 4 4 HF AR SAPO-11 43 FHiEI MLk

Fig 4 Crystallization curve of SAPO-11 synthesized in the
presence of HF
(Crystallization conditions: 1. 0P,0s 1. 0AL,O; 0. 4SiO; :
1.0(DPA + DIPA) 28H,0 1.0HF, 200 C.)

AL SES  H R A AL B ) KK 4 4. 4k
Kl bt E] &P SAPO-11 2 T~ E fb AL i B2 P 4
TR IS 2 ShAL IS )3 30 h B fE 260=8.5",
19.3 1 22. 6" AL HIL SAPO-31 [BFAEAT S I 3
HIA /DR SAPO-31 43 11 A2 . TS & AL I [A]
% 48 h, SAPO-31 73 [T FIRFAEIETH 2K 1 it L5
SEAY Al SAPO-11 e,

9
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SAPO-31 5 SAPO-11 M£5 4 HA AR K A FHANL
Pt 7S TCERFN Y T BRI [ Al 1 H A — 2[R
FLIER) P FLaERREE 10 AL RSN 0.54 nm,
HA ATO BIEEH) & Ak F2 AT FH ASER R LA DPA
KL IEEX RS B AL 1S AL SAPO-11
194 i 2 AR £ BE SAPO-31 B¢ SAPO-5 I
SAPO-41 S5Z= SN, SCHk[21, 22 HRIEAEH M
TFeHAR R A B SAPO-11 20107 i th A7 25 {BL 1
aIN G VEF AR A I [A) 9 5 5880 B AR SX Fh AR A
W E R &l I RN R R Hr A
FIE A AR AL 1 28 A0 R REBR 975 K 0 1O e AR 45 74
AARAY, ARH BTG 3RS I A 28 14 2 bl iy K A A
it 40 h LAE2Y, AR SO HE 7R R H I i &
AR 30 h /i X IESE T HF BTG5 s
SIS RIC I A B 2R KRR r s, (At 7
BRABURR T, F AR5 B & 7 5
& SAPO-11 43T 0 b Lt B2 5 Sk | F-
HIAFTEREAS 0 S AZ DRI Ak (75 S R K 4
2.4 SAPO-11 S FIEMEEFH

AER R AL SAPO-11 43 - 1) SEM [
RN s i, TR R A R SAPO-11 73 F

&€ P

B s
Fig 5 SEM images of SAPO-11 samples synthesized
without (a) and with HF (b)
(Crystallization conditions: 1. 0P,0s ‘1. 0AL,O; 0.4Si0, :
1.0(DPA +DIPA) 28H,0 1.0HF, 190 C, 24 h.)
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S B21%

TSR SR AL AL N 8 ~ 10 wm BIBRIE Wiks | i 4
£ HF IR R #4510 SAPO-11 23 7~ 0 455 i 2B B il
RSN 1~3 wm AIEAREURL. HULATR], HE 1Y
HIANHEFITI A N SAPO-11 4 1T A
HF X} T SAPO-11 43 T AU /N R S fE 1Y
MR REA W T RO H— 2 HF A S8R
TERTE B A ) A6 I B B AT LAY B ALPO,
BERCH IR S A% O AE ST BEIK T i 1
JICHR AN T 2B T S R RS 5T
T IO FE R/ NI 43 T IR OB SR SR % HF 1Y
TIAAE ALPO, )1 58 F5C U5 ] Jld e bR T 4 BELAS: T iy
IR U T A% R G TT = BRI T B Mt
WL 73
2.5 SAPO-11 7T KFLE AR

AIF] SAPO-11 43 F it i A5 AR B i 58 1
Fi7R. & HF R ZH G SAPO-11 4 7 i 1)
HLERE RN 175.8 m?Y/ g, /NFTC HE AR R G
SAPO-11 AL (211. 8 m%/ ) ; 1M+ HF A&
& ) SAPO-11 RIFLIRFR P EIFLIREI R T8
HF K R4 A SAPO-11. X AED T-Fh &
BEE RN HE , AT LR 2 706 45 S,
M HA R T AN SAPO-11 4311 b (XRD
TP FP R AR AR AR R SE T 3K — 5%) , ARG T
SAPO-11 4> T B SEARRURL I L SR T AR T i T 3%
KAFLAFRI Y fLILAR. Xu ZEP 4IRS T
F~ X CHA % SAPO-34 dH LIV sZ i R MY F- A7
TR T LA B8 YRR B

£ 1 AF sAPO-11 T A FLE MR

Table 1  Pore structure properties of different SAPO-11

samples
HF ‘P,Os molar ratio Apgr/ (m?/ g) v,/ (em’ @) d/nm
0 211.8 0.186 3.5
1.0 175.8 0.257 5.8

Crystallization conditions: 1.0P,0s ‘1. 0A1,05 :0.4SiO, ‘1.0
(DPA +DIPA) 28H,0, 190 C, 24 h.

2.6 SAPO-11 2 TR EBRM: R
2.6.1 FEELAIMEG

SAPO-11 73T it R B A3 181 A1 25 ) ik s Ak
fEAE Rt i) H A 558 ¥ 1 P-OH, Al-OH #
Si- OH 4R EL. i HF (R AT HI4 1 SAPO-
11 53 IR R B LTSS I 6 frs. R TE
3741.9,3674.4 F1 3 630.3 cm™ ' AL H L =
Al Horh 3741.9 F1 3 674.4 cm™ ' ARG
XTI SAPO-11 43 F i dikr FhZR THIHY Si- OH

P- OH WIMHZEIREN , 3 630.3 cm™ ' ALAY W IE IH &
T Si- O(H)- Al, Uit TERH T, 6 HE R R H
HIEHT SAPO-11 FEfhH 35259 em™ ' AL AR A I
XN T Al- OH Ui R SM4RIR SN 14 HE (RR A
) SAPO-11 FEFAE 3 525 em™ ' AL AR WS E] B .
[ Al- OH i B0 150 2 K50 53 Al b T5 70
A BRPOTE AR B HE I RT LA 255 3 Gl
EESEIp AT

Absorbance

— PR ISR | IR T T " il

3300 3400 3500 3600 3700 3800 3900

Wavenumber (cm™' )

H 6 AF SAPo-11 4-FHREREMmHEENIGE
Fig 6 IR spectra of hydroxyl groups in SAPO-11 samples
synthesized without (1) and with HF (2)
(Crystallization conditions: 1. 0P,0s ‘1. 0AL,O3 0.4Si0, :
1.0(DPA + DIPA) 28H,0 1.0HF, 190 C, 24 h.)

2.6.2 WFIMLIERIL MGG

B 7 5 HF (R A& G SAPO-11 43 i i
A CEANTRITEL T IR B I 1 21 A6 3. 7€ 1 600 ~
1400 cm™ ' Z[BIFFEAE 3 A WRBILIETE B C- ¢ 2
MiAEshigE Hrh 1541, 1 F1 1452, 4 cm™ ' 2L EY IR

1490.9

Intensity

200 C

I PR P L ! PR Rt

1400 1420 1440 1460 1480 1500 1520 1540 1560 1580
Wavenumber (cm )
B 7 & HFRRPARE SAPO-11 STk
W BT B FS) IROGIE

Fig 7 IR spectra of pyridine adsorbed on SAPO-11 samples

synthesized in the presence of HF
(Crystallization conditions: 1. 0P,0s ‘1. 0AL,O; 0.4Si0, :
1.0(DPA +DIPA) 28H,0 1.0HF, 190 C, 24 h.)
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W 53331 A2 R E 40 7 IR B AE B TR AN L FR v L TP
A 5 1490.9 em™ ' A A B SR S FH LG IE IR B A B
PRALFN L PRz B ILEIE oy, B BREEFD L R At Hy
Lambert-Beer T £ 4 = ¢CL (4 ZFEMAT IR BERT
WEE ;e AAHRIIE RS, BRI LI &5 =0.059 +
0.0044 ,L BN EH 6. =0.084 +0.0034 ; CAlE
ey L OAFEMBRHESED THR RS TR 2. LA
350  CHtRH 5 T4 FO LG e W2 Bt 4t fy 5 PR 5, LA 200

CIEBAF F 5 (g b e 2 B e A SR o P 2 22
R SgfR . S MIC HF KHGES K SAPO-11
FEREEE , & HF KR P AU SAPO-11 I 55
B R FAE (H 5 B FR 8 h0 ; PIFRR SAPO-11 i
R L ERER R ZE RIS K. IR A R R A

FEREE Z IR L. SHITC HE KL 21 5
TR (3 AR ) M AR HIAS ST S
HF (R Z 450 SAPO-11 23 10 (3¢ 3 HFEEN 2)
B SR TN SRR kA1 T HP SN2 1t 5 99 R 1 Y Lb
BIAEDB B¥EK . B dl &t # st °HF B9 —J7 T
FE(R T SAPO-11 40 T HIMR i , o) — J5 T AN 95182
PR SRR HCs (A5 R SRR i S R Lt Y L
BIA KRR . XA RE AR T3 T AAAE
AR T 5P A R BRI RE I A A IR AS T L.
LTAMGIER NHy- TPD 45 B30 B E S ik &
Wi HF i SAPO-11 207 IR 1t (U H 551 0
AR ) B SR RATR T Fh SR Hh U B B B0 TR e
AR . IX T RER BT A R Hh R A TR

HF AT LA AS B BRIt MR S8 B2 T L BRAY SR AR T BERR R Si IAFEAEIRAS IR 1 i 17 4%
AL BURBEA i H 221 J5 AT EL. SAPO-11 531

K2 AFE SAPO-11 4-FIFERET BIRAI L IRIRE
Table 2 Amount of B and L acid sites in different SAPO-11 samples
determined by IR bands of pyridine-adsorption

B acid site L acid site

5 AIPO, 11 B ABL FrFh&EH) Rl Si R
T EHEUL AIPO- 11 B ZEH Y P ak (FD) Al R TJ5
. BT AIPO,-11 4 T I E 22 2& 1 PO,

HF P,O B/L rati | . .
o i —mmol/ ) (mmol g) AlO; WU SRR IR B 2 5 P 9y 7
C C C C C C S N N - Vs PURIN
——— DI IO LIS RSN PR S R By
1.0 .81 172 1.41 1.27  1.28 1.35 AN AIPOs 11 73 PO B 28000 sM2 . —4> si Jir

Crystallization conditions: 1.0P,0s :1.0Al,0; :0.4Si0, :1.0
(DPA +DIPA) 28H,0, 190 C, 24 h.
2.6.3 NHs-TPD &%
% 3 AR SAT T2 SAPO-11 i
H) NHs- TPD 55, 130~190 CliH) NH; PRI 1
FBERTIE 116 BT NH; ££ SAPO-11 43 70 B 281
SR A LR, 265 ~290  ClE] 4 Hd B Mg 5o b
T NH; ££ SAPO-11 73 FHifi B ZL A H 9 iR 0 B 1Y
PR30 SR AT DA AR A IR S IR R 4
K b BT 1] R AR e R R 5 T TR A | TR R
s b NHs B B IR B A T . AR A (] R A
(AR it TR G 3 9 o ) T e A P SRR 1 L
B %R T4 s s AR AT AR SAPO-11
TR EAGER R si A FIRI e Rz

B ATPOS 11 BRI —A P T 7 — DT
FRHLy; SM3: A Si R R HUR AIPOS-11 B
AR —A PR TR —A Al 7. SRES IR
BFEL sM2 B A 7742 SAPO [X (Si(4Al) , W&
8 SiY) ; MAES A S EN & 4 SM2 5 sM3
B, SAPO-11 ‘B ZEHBR T 774 SAPO X Hb ik )™
AEAIRELX (Si(0AL) , W 8 Y si%) LA S AlP X
THAEI Si(nAl (n=1~3) X (W& 8 H1 si®,
Si°Fl i) . SAPO-11 43 11 B ER M B T R IE T
SAPO XHJ B FRHULMM B RIE T Ak IX S PAL IX
LFALIY Si(nAl) (n=1~3) X I HIXRER 0
FRIE I SAPO XK B FR HUO R 3 B R AEJC HF
RRT FER IR 2218 7 21 SAPO-11 &A%
B, Si JET3EA AIPOS 11 B 20 o e e BUAR Ty

3 W SAPO-11 53-FHF-ELH] NHy TPD 55
Table 3 NH; TPD data of different SAPO-11 zeolite samples

Crystallization condition Temperature of NH; desorption peak ( C) Acid amount (mmol/ g)

Sample

t/h 0 _C 1 I il 1 I Jili Total T+
1 4 190 134.1 174.3 264.9 0.104 0.028 0.024 0.16 0.18
2 24 190 134.6 179.0 286.1 0.098 0.040 0.034 0.17 0.25
3 24 230 139.1 186.2 285.3 0.116 0.031 0.044 0.19 0.30
4" 24 190 137.7 186.5 287.8 0.174 0.051 0.033 0.26 0.14

Crystallization conditions: 1. 0P,0s ‘1. 0A1,03 0. 4SiO, 1. 0(DPA + DIPA) 28H,0 1.0HF. * SAPO-11 sample synthesized in the absence of HF.

214



874 fit £ % MW %27 %
X Lh sm2 AE HFITIE A2 1) SAPO X /b 1997,152(1) : 53
E/]é@ﬁji:lzﬁli PAl [ZT%Q%E/] Si(nAl) (n=1~3) 5 GirgisMJ, Tsao Y P. Ind Eng, Chem Res, 1996, 35
N o, (2) : 386
b TRISE TE HE (KA 2 SAPO-11 531 i 4 6 CampeloJ M, Lafont F, Marinas ] M. App/ Catal 4 ,
o HF R Pl s iR BA B2 1959 B IR0, 1998 . 170(1) : 139
RS AR ; AR AN HE J5, HE W] 7 Park KC, Thm S K. A ppl Caral 4 , 2000, 203(1) : 201
DLV AR SIFS B4 I T REIRAOREAE . 8 Miller SI. US 6 281 404, 2001
E%JE%LE}\ AIPO,11 %%H’]lﬁﬁiﬁ'g&, SM25 9 Yang SM, LinJ Y, Guo D H, Liaw S G. Appl Catal 4 ,
e N T 1999, 181(1) : 113
SM3 W‘]—ﬁ]m’f’tﬁi‘tﬁﬁjﬁi ’ﬁ*ljﬂ:ﬁjhy‘@gmé@ 10 Sinha A K, Seelan S. Appl Catal 4 , 2004, 207 (1-2) :
EX S PAL XA AAL Si(nAl) (n=1~3) X & 245
/DT SAPO X, AT, HF fF1ER & ) SAPO-11 11 Coughlin P K, RaboJ A. US 4 556 645. 1985
F) o R e R TR ’ﬁﬁl:':l—ﬁ'@ﬂfl W EC A B i 12 Kessler H. Microporous Mesoporous Mater , 1998 , 22 (4~
6) : 517
I l l ’ l l 13 Abbad B, Attou M, Kessler H. Microporous Mesoporous
— P —Al—P—Al— P —A— Mater , 1998 , 21(1-3) : 13
S S VO N N O 14 XL | WAEFE HY , BRPKE. WA (Liu X,
| | | ] | | Xie Z K, Zhang Ch F, Chen Q L. ChinJ Catal) , 2003 ,
—— P — Al — Si¢~— §j¢—— §ip—— Al — 24(4) : 279
SN WU O P N O I XIZUR R K, BRECHS , KRS R
' | ' ' ’ ' (Liu H X, Xie Z K, Zhang Ch F, Chen Q L, Zhang Y
—_—p — Al Sic it —— §iP—— Al —m X. ChinJ Catal) , 2003 ,24(11) : 849
| } | ’ i 16 Vistad O B, Akporiaye D E, Taulelle F, Lillerud K P.
TTAITT P Al s Al — P — Chem Mater , 2003 , 15(8) : 1639
___ }|, —A!d-— IIJ —A‘d—— }1, -—A]]—— 17 Vistad O B, Akporiaye D E, Taulelle F, Lillerud K P.
| | [ | | | Chem Mater , 2003 , 15(8) : 1650
18 LiJJ, Guo Y,Li GD, ChenJ S,LiCJ, Zou YC. Mi-
8 SAPO-11 4TI Si FLFEII croporous Mesoporous Mater , 2005, 79(1-3) : 79
Fig8  Chemical environment of Si in SAPO-11 19 Meriaudeau P, Tuan V A, Nghiem V T, Lai S Y, Hung
3 gjn:i'% L N, Naccache C. J Catal , 1997 ,169(1) : 55
20 FRANA, PESCEE, T4, T, BREERE. TS
HHHIC HF /K4 R SAPO-11 4 10 ZMRAE. dent: B AR (Xu R R, Pang W
HALL JFE HF AR SR SAPO-11 407 B A Q> YuJ H, Hwo Q Sh, Chend Sh. Chemistry ™ Zeolites
ORI, T TRERPIAG T s e
ZEF) S FIFVER JEREME S AZ T Y, 4658 S L J Fuel Chem Technol) , 2003 , 31(4) : 360
l%‘*?‘vﬁﬁ f%%%‘t/(?iﬁﬂ 1~3 um E@éﬁﬁ%%%ﬁ*ﬁ /?..T 22 Lopez C M, Machado FJ , GoldwasserJ , Mendez B, Ro-
HE (R A SAPO-11 40 795 B @K H 2k driguez K. zeolites 1997 19(2°3) : 133
WU SRS LI, kR 2 A A8, P B2, A R
S e o s I, AR (QI XL, Liu X Y, Chen G, Chen X Y,
A HFJ, SAPO-11 53§ 1 5 M A 55 i kB Li ShJ,Lin B X. Chem J Chin Univ) , 2000, 21 (8) :
1% TSR A FE 42 v 1161
24 Xu Y, Maddox PJ, Couves] W. J Chem Soc, Faraday
i} % i ﬁ Trans , 1990 , 86(2) : 425
| CampeloJ M, Lafont F, Marinas J M. J Catal , 1995, 25 Meriaudeau P, Tuan V A, Lefebvre F, Nghiem V T, Lai
156(1) : 11 S Y, Hung L N, Naccache C. Microporous Mesoporous
2 CampeloJ M, Lafont F, MarinasJ] M. Zeolites , 1995 , 15 Mater, 1998, 22(1-3) : 435
26 Alfonzo M, Goldwasser M, Lopez C M, Machado F J,

2):97
3 CampeloJ M, Lafont F, MarinasJ M. J Chem Soc, Fara
day Trans , 1995 ,91(10) : 1551
Campelo J] M, Lafont F, Marinas J] M. Appl Catal 4,

215

Matjushin M, Mendez B, Ramirez de Agudelo M M. J
Mol Catal A , 1995, 98 (1) : 35

(Ed YHM)



9 34% 4 4] A S (A SR S 2 Vol 34 Na 4
2006%F 8 H Joumal of Fuel Chemistry and Technology Aug 2006

SCEHE-: 0253-2409 (2006) 04-0427-07

DR Vol T T s S A B AR R R I S P RHE AT 5T
GICEIRE A U A A

(L HEARE dond) EFUNEREARE, b 102249; 2 LRt TREEARTFR L, b5 1000765
3 R EAMREHA RS AE, REE 300271)

O W G AU B R I T A TR A IR DB R AT B b Al (R 10O I A AR T AT
Wefi SRR A SRR A AT B P AR R PSRRI AT Y R AL AL T 45 2 ME SRR R 725 B P 1L 55 0 R Ge-
M SEE T I TE M RO o 2SR A S TS S A I SR AE I A T 40 1 TR A R T T A 32 1 I P e 25 ) 45
MR RIS 65 07 BRI 4 SR8 /N TR R 25 AT 2E 1l 55 0 AT T 2 0 A K U S v 30 75 7S B R &5 R« RIB I8
A G A AL A R R N S5 A B R T TR R IR R 5 .

SRR - IRl IR ; 4T B AL SRR

HESHS: TE622  SCRARIHAG: A

Structure features of the supercritical fluid extraction and fraction tailing
of Dagang vacuum residue
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Abstract: Dagang vacuum residue was cut info sixteen fractions with supercritical fluid extraction and fraction
(SFEF) instrument The tailing was degraded by ruthenium ions catalyzed oxidation (RICO) reaction From this
reaction, homologous series of » -alkanoic acids, o, w -di- » -alkanoic acids and benzenepolycarboxylic acids were
detected and measured after esterification with diazomethane or phenacyl bromide W herein, » -alkanoic acids re-
presented amomatic-attached » -alkyl side chains, «, w -di- n -alkanoic acids presented the structure features of the
polymethylene bridges between two ammaticunits, and those benzenepolycarboxylic acids indicated the major mode
of ammatic condensations in the tailing The products identified in this study show that the structure features of
SFEF tailing, egpecially aromatic condensationsmode, are not same as those results reported Such infomation is
very useful and mportant for the deep processing and op tinize-use of Dagang vacuum residue
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o Table 1 Pmoperty of Dagang vacuum residue
1 SEEeHRa ; —
o e L ‘ N Property Carbon Density  Viscosity Molecular
L1 ﬁé HH j({%@zjf(ﬁ{mm Iﬁﬁmﬁ% o factor  residuew /% o /g‘(m"3 n /mPa-s weight
RHMME 2. Value 17. 02 09796 2074 1008
F 2 REREBEMHTRAR

Table 2 Elemental composition of Dagang vacuum residue

w /% H/C w /10°°
Elements Z
C H (mol ratio) S N Ni \Y

Composition 85. 91 11. 43 1. 59 2420, 73 6052 76 89. 30 1. 00

R U s e 4 7 7R S A L 14 il e 5 B . 240 C-230 C220 C

R s%bIE R 16 MEEAR 114K B B AR 100 mL /min

BRI JFHFIGAE W22 SOHR [12 1. Ml A AU JEEL: 1000 g ZEHUNTA]: 450min
VEEMFIT - I AR TS R EWEILE 3.

SBIES . 4 5SMPa~12MPa  ZEELS B IR
F£ 3 KIBIRERB N AL SR

Table 3  Yield of different fractions by SFEF from Dagang vacuum residue

Fractions 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Tailing
Pressure  p /MPa 573 618 639 655 €73 €8 709 7.28 7.52 7.75 807 & 52 910 9 91 11 1012 00
Yield w /% 45 49 54 48 49 51 51 51 53 51 50 51 49 49 43 43 241

Accunulative otalw /% 45 94 14 8 196 245 296 347 398 451 502 552 60.3 652 699 742 78 5 102 6

L2 AGZEREMR 0T AT ol v i I S 2 LA 2 2 RN
MAERFRIEIH T RICO ML IAAR R 2k 4 1 (5 13 BEBRE=YMaBES5AE RO KWL
BB T T Rt A5 R E 1. VIR G T 43 K AR A LA o FF 5 R TR 25
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% FR P B A 7 2 I PR A A i 4 &
H R B Z e AT ER AL FE0T F B AL R 7
AT —JCRR MR A — TR R 43 B 5 IS AR R 0,
FARRUEERFR T E o
L4 RN GeMSH TR A DSQ B i
Bl 1 RI0O ST WAL o SRS HP-SMS 30 m X0 25 mm X
Figure 1  Sketch of the instrument for R 0O reaction 0 25 um. BHEEIRE 290 C, 2O JE 300 C,fO3%
1-N,; 2— otameter; 3— RIO reactor; 4— pyridine; HAEERF: 60 CIHIE 5 min, 10 C/min Ft &
5—H,9,; 6,7—Ba(OH),; 8— magnetic stirres; 260 C,20 C/minftE 300 CAHIE 10min. #S N
9 —condenser He < 7kt 30 1. Bk BB B
CEREE (K W R I R R gt L2 250 C IR 1502V R Bk
FHEEL - 500 amue

200 mg RuCl - 3H,0 20 mg CCl 20 mL. CH;CN nu
Yol 1O 30mLILE] 200 mL £ L 54l ST AN PE2000 T Hh 2T A1 340 L
SIEMIA 6 gNaD,. o e mbe im0 | ATRKH
B AR B N . SR TR 2 GRS
BE 24 ho SRR R A M e VR W AR SIS T BT LU B R
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Figure 2 Total jon currentmass (TIC) chromatograms of

carboxylic acid methyl esters in the organic phase
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Figure 3 Mass chomatograms of » -alkanoic acid
methyl esters by R1CO fiom the organic phase

(The numbers refer o the carbon numbers of the acids)
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Figure 5 TIC mass chromatgrams of carboxylic acid

phenacyl ester from organic phase
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(Some peaks should attribute to » -alkanoic acid)
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Figure 7 Mass chromatograms of o, o -di-alkanoic
acid methyl esters flom the aqueous phase

(The numbers refer o the carbon numbers of the acids)
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Table 4 Benzenepolycarboxylic acid methyl esters may ZER R IR — R A1 ’Eﬂ‘ PLAE RO R o B LAY T

be defected in RO pooducts e SIS T HOR B AR PR 2 B 7T ELSM A7
Benzenepolycarboxylic acid Characteristic %éé%@ﬁﬁ'i%? .

_ melLesers B2 {HREE R R ICO SR 5T o A=~
D imethyl-o-phthalate 163 e \ . v o A —
Dinethylpphthalate 163 TUHR A i B 50 A FEAAEGR IR TP i 6 057 A S F Y
1.2, 3Benzenetril, triacetate 21 oA N IR B RN RN MER 05 BR L R EUROG
1,2,4Benzenetriol, triacetate 221 F#@i)ﬂdﬁﬁﬁﬁ%%%% ﬂFﬂ o

1,2, 3, 4Benzenetetracarboxylic acid, tet-

279 R RICO COOH
ramethyl ester OO _— + R-COOH + CO,
1,2, 3, 5Benzenetetracarboxylic acid, tet- COOH

279
ramethyl ester R

1,2, 4, 5Benzenetetracarboxylic acid, tet
279 RICO
ramethyl ester OO —  R-COOH + 9CO,

# 5 WA A RIT R S RIRIR

Table 5 Some structure units and their corresponding benzenepolycarboxylic acids
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B AN : 2004-05-10
EL2ME: EFXRELEMDFFA H (G2000026409)

EZQN-BRIKHDBMAB LB K TR, 54
18 51 T 2C B BRARORL B 1t % FIBR 4K
1.3 RF X HRAMRE i A B 3 F i e

PEXREHENEARKER TR ZHILK
(PTFE LK) B BT 455, W By #2. ¥
HEMBBRY BRSSFHRANNELEREES
L% U F A e R e e i AT B e R RE L,
eb, B, 8 S BB 4 % B Dupont 72 54 P2 84 Nafion-117
B, EME TN RN H, B3N 0.3MPa, B
4 6mL/min; 0, FE3& % 0.5MPa, Hii f& 4 10ml/min; &
WIS TR R 85C; BERHRREMA 3. e’
1.4 f4eENid

BRI . FE B A B, [ BE 20mm, IEER
FAZRWU LR ] s ;

R BR . H 2C-36 BRI .QI23 B bf
W LB BH, TN (R B e BEL S T U B LR

FLBRE WS, - 3 9500 FE R A I iR % AR 4K /4
FLERER,;

PLIKSR I . 21130 A3k h LRI H R &
®);

RN REEAEBEFE, KB A
BEAENRESHRNXR, CREBREMET, M
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2 XBRERSITE

2.1 ERAREBEAHBNY &

6 i &% FBRAR ) Bk A BB 4, ZEK
BA RFHRRAE, 1 RS0, A NRES
FEFH OB RN EIRE, HHRNER 4
T WAL B ) 28 B AR B0 (BT - T 4, BRI
A ER BB RRRE W, HRAE 1,

R1 LBBESBLEENOEW
Table 1 Effects of the solubion used for treatment
on the performance of carbon paper

B /s

BT RS, Fot TR BA R M %4, KA
BEGARH, BRANTRAERT, RESNEE,
BB, BT U—BBRAMAR SR, LR, R
THEMITRESN 15°SR, RARZHE® R BB
BoKBEHERENIBEIE SRR, ESREXR
BmE 2 Fimg R,
22 FEAKAANHRELERGEN
Table 2 Effects of different adhesives

on the performance of caron paper

BN LK BRE/ANm™'
KA —
b 1 —
B 0.104
HHER 0.413
TR R R IR 0.826

K /ot

NaOH H, PO, H, S0, HNO,

1 50 105 145 265

4 191 336 492 952

9 428 782 1147 1856

16 726 1336 1926 3682

25 1112 2081 3008 5701
#%

1.2

0.83

0.42

10" 2m?/min

ME 1 JH,4 F AR RMEE R BT %,
EMNOESHEREAHABHNER, K4 M
NaOH b H MR & I ER AR A, BEE S
B, T HNO, AbBRMBRET R B E B R 2, X IEIF
MEREREE -, EXRPHTRAFAIMHY
NaOH.H;, PO, .H,S0, 1 HNO, 4t BBkEF 4, A —E
B B H DI BYE S HOR] AT P4, LA NaOH ALHEH)
R BRI FHREB M TRERIT, 4 F
AR B AL T A B R B R O B AR BB R0
7, EBART 4 FERAEE &M N EE
R LR, HBHERE, RFBERRTH
SR AERETEEN A RE VIR, &
ZHIBREN B SIS RERLT
2.2 MANXERAREEENES

BREWNERTEERARELEAGHORR,
PRl RA R R A AR MG R EEEE,
BEAXRAEIABEHANREEEEA, 1-0H.-
COOH.MME MEMBEEREAS, Bh THR
R K-OH.-H EEAFER, IR+

MNE2AUES, A—E FREMRZ MR,
RABRBREAMEISSNDHK, XL TREERR
SREHBME, KEHEELEMNER, ZBAE
PERYRER IR BRSS9, AT LATP HH R R OB, PP &Y
—KRBREE — W TRE, BEDRKIBRF™
ERBANE, FREA TR, TH KB LR
WIBAR BIRAT, T B K B YE RS IS I R A 4 BB 22 51 8
K, ARPEHER L REEHEN—-KRBRK
RAN, TREAFMBHENAN, EDEY
ABRHEESBRMER, VRS RNER, DE
BBRYCIRE 5T , T B S #E thiT .

2.3 SENN%E

HTHATOEANBRAEKERK, BRI S
XAEMKYE, ERBAEEKPHRBHE BR
VI ERMGH , AN OERT. BED
LB AN A S B R EON, A BT R /B
AP T K, LRET, RITEWITEER 15°
SR, EARAARE REAZBEEHMAMLRER
BRI BN A, B A R e AN R — KB BB K
20 N353 43 A6 A5 R 6 B, OR L S {H R X A R
=, BRRENY S, BE 3.

B 3 35, A [F 4 ORI X — YR B BR 4K 1 33
SHEBRKOEW, 4 FAFE 5800 & 80— KR
RRKBARHVYEENARMBK, BHEX R
MEZEPRA HP, HMmER R #EH—K
BRABREMXRERER B 582 B0 & —K
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7 A% TR BN R T IR A & KRB 201

il B — YO B R A B B S, LA A 82 BRI &)
RHBREL SR, B P H{E Y 16.00, X 4R
HERZ N 1.160 W/ B B i s B I I 2
Pt AT AT SR Y AR 38 ST, IR Y 4 B
—KBERAERA —ENERTERH T AR
BORMRMERAE A A RRENRS, RH T4 4%
KPR AME, FAERGHEREM, EAR
S BRI (4 4 1 8 1 AR R RS R B
23 FES BB R KM
Table 3 Effects of different dispertant
on the performance of carbon paper

BRI F

W A ERERES

19.8 3.26

20.6 4.93

Hw 21.0 6.31

a8l 16.0 1.16
2.4 FIREMBREMELENER

BERUGERDEEBBENRDE BES

HARESYHETESERNITRELR., fTRIHE
Hgp v R EEREY. TRRKNHES5E
BEEAR TRABPABERT RS2 R,
FERAGA RN, B4 4 < B R B W Bk AR
RWEEER. I THERIEKEXTREER, &
SIS FURBMEW, RIET B HRITREX
BRAEKE ., TERAOBEXDE DKUY
R 4,

5 #O|

R BE:
REMLZH

R4 ITRENREHEHEE
Table 4 Effects of beating degree on the

performance of carbon paper
—_— BRERA RN
/SR xR 1B - 1918 HikEE
W=/% /Q /kN°m™!
12 1.36 16.3 0.095
17 0.73 15.2 0.123
2 1.01 15.9 0.138
7 1.56 16.7 0.034

HR 4 RATOTLAF - FTHRBE N 20°SR ZEH B,
PDEHNRNBERDSEHRET. YTEER
12°SR 5%, 27°SR B , AL H £ BBk AR50 5K 5 BE 2= HUAR
B, AN EHBREK. B TRKNAEES
@ FEMAK AN, B & MBREE —EMRE;

LITRBE R, TR TS T, 38
WABER BB, BDERRME IR, 5 54K
WSERGREREE ., B, FEETTREEKINE,
PHKMIRE S B HER, LEHBES,
2.5 BABRKKS Toray BARWIELILR

THAMAERELRE B HhaeME L8R, &
HIFTH B R 20°SR, BB K BOIKE AR JE L H, 73
T F 3B A e, o & PR AR, B B B BBk A H
AR Al TGP-H-90 AR A R R E LBy,
RFE s,

%5 BERKS Toay REWMEILE
Table 5 Comperiscn of performance between self-making
carbon paper and Toray carbon paper

wt B AW TGP-H-90

L3 § mm 0.28 0.28

B gem®  0.45 0.45
TP % 74 7

ARREREETR  Qom

mMESTRL, _HEFEYHEELEHAK. B
FIREEE EENSRBESYEEAME, KRG
FH @ B [ RS 3T H AR B2 7] TGP-H-90 Bk 4K,
M EEME T H AR A & TGP-H-90 BR4K, Hitk
A A HRE R — R B AR T R A — iR
HEENERYT BEEEMSR
2.6 FEARY WU XA EE it A R A RE ARG

AT HEAHERT BB, 252
BB RN R RE N EHM FHSRRT B2,
I % SRR b T R R MR BRI . IR AR R)YT
B R e M B PERE R X LR B I 1,

AP 1 B 7R B4R 6k e Tt i e P R A 4R X EL 5 R
AN H R BRRY BEREM SR E A KA
RS, ENNREtRREHBNER. HEd
BN, BIRRRR AR & AT B B AR JLF 4
;s cn  E LR BAREAB. 48%
SHHAE R BERT BEREKEYHIERS Tomy
BEYHAER, VAR ERKEEN T ERRRHK
HKASREM G R JEES, R EERME
St e vt B AR U U2 B AR A P BB AL, X AP
MARY SRR bR R R R BT
UESL, it —E 3 B R BRK R 4 2R B b e
Ry B2 B — R N EAR M R T BUZ B AR,

0.086 0.087

225



202

X B O %# #

2%

1.2 —o— Toray Bk 4t
z L0 - AABRE
& 0.8
5 06
04
0.2
0 S
0 0.5 1.0 1.5 20 2.5
/A

A1 BB Toray LR

A M B e HERBRY L
Fig.1 The comparison figure of homemade carbon
paper discharge performance and toray carbon
paper discharge performance

3 5 i

1)K 630 B 8 A0 R 4 2 1 2 % FIBR AR %
BEARZ—. AXRRAVLRE B HAREHEE
WA RIS AL X 5 BE A BEOR , T EL 3 S MR

2) 5 BN AITR EAR DU & K R B
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PREPARATION AND PERFORMANCE TEST OF SPECIAL CARBON
PAPER MATERIALS FOR PROTON EXCHANGE MEMBRANE OF FUEL CELL
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University of Petroleum., Beijing 102249, China ;

2. Faculty of Ch

L
Engineering , L
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Abstract: Special carbon paper materials for proton exchange membrane fuel cells were prepared by wet papermaking
technique. The effects affecting the performance of special carbon paper were investigated. It was shown that dispersant,
bond and length of fiber have great effects on the characteristics of carbon paper. Under the optimized technical condi-
tions, the raw materials of carhbon paper were processed by 3M NaOH solution. The beating degree of the pulp is 20°.
Homemade functional dispersant is added in appropriate proportion. The properties of carbon paper were close to or better
than that of Toray carbon paper. The discharge performance of cells , assembled by the raw materials of electrode diffu-
sion layer with homemade carbon paper and Toray carbon paper, were determined. It was found that homemade carbon
paper is the perfect raw material of electrode diffusion layer in the electrode diffusion layer of fuel cells.

Keywords: proton exchange membrane fuel cell; carbon paper; electrode diffusion layer
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TER AR S AR B S R AL A I HLEL R 5T

ZmE Mz SERHE AR XRE
(PEABMARE ERHEFELALRE CNPCRELELERE RE  257061)

BE, FTEARSRENRMERRER EAEEP SRR ASESS&M(NH)LW0.S,], F%E 551 1 5kiEUV-Vis i 7 &
W5 T o MBS b A0 TR ALHLEE , R T 40 AT X AT AT AT (XRD). 18 B 38 4T 41 3618 (FTIR). 00t 4 8 o i (LRS) & 2
hEWETTRE EERARXAZTEHNGUN _BABBERE EERE AFE-ZASTTGC-DTA). B X 8475 n
st XRD)H FTIR S R RA_mARBHE A EA A THAS B EERELE 160~450 CZ1E S FHEET , GXLTHEA
(WOS,}, BE BBl A —mfb i,

s, ZENBHE,; RBEE; RAXRD; BA4HNE
FESES, 06146173 SCEAPRIRED ., A ER T, 10014861(2006)10-1813-06

Synthesis, Characterization and Thermal Decomposition Mechanism
of Ammonium Tungsten Oxide Sulfide Crystal

AN Gao-Jun LIU Yun-Qi* CHAI Yong-Ming ZHOU Tong-Na LIU Chen-Guang
(State Key Laboratory of Heavy Oil Processing, Key Laboratory of Catalysis, CNPC,
China University of Petroleum, Dongying, Shandong 257061)

Abstract: Ammonium tungsten oxide sulfide [(NH.),W0O,3;] crystal was synthesized in aqueous solution using am-

monium metatungstate (AMT) and ammonium sulfide as raw materials. The formation mechanism of (NH,),W 0,3, was
studied by Ultraviolet-visible (UV-Vis) spectroscopy. The as-synthesized compound was characterized by Elemen-
tal analysis, X-ray power diffraction (XRD), Fourier transform infrared (FTIR} and Laser Raman spectroscopy
(LRS). The results show that the as-synthesized (NH,),WO,3; iz with good erystallinity. In addition, thermogravi-
metric analysis (TG), differential thermal analysis (DTA), in situ XRD and FTIR results reveal that (NH,),WO,S,
undergoes thermal decomposition in the range of 160~450 °C in hydrogen by two steps, where {NH,WO,S, is
converted to {WOS,} firstly between 160 C and 300 C and then transformed to WS; eventually.

Key words: ammonium tungsten oxide sulfide; ammonium metatungstate; in situ XRD; thermal decomposition mechanism
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TN H,S M, 74 #1458 X Fh 7 VA BBk R 4R AF
ZAE R, AN G e R R R R S
FER I HS SRAEGRAL T, AU 3AE A RUE e
&, HIE 575 5,

AT FER—F0RS AR RAERE, 4
X IEETCTT R E RITE, FEA TARR AR AL B 1
B AL 771, 7 2 A 5% 18 1 & i — B ARAS IR 4 % 1k R
FiJC 3 73§71 XRD . FTIR \LRS % 75 i % Bt & A 9 4k
EWBATRAL, R A A TG-DTA.in situ XRD
FTIR %77 5 A B RE S A ER TR TH
PO LB AT T HESL,

1 SRy

1.1 GRITE

RIS g MBS R ¥ (AR., LI R A 7)),
A S mL £ T K, AR EEMA 15 mL &K
K, T 60 CHEFE Y 20 min(L N s AR R 1 pH
LR 9); R JF A 35 mL B AL B E B (AR., BiF
WAL ), F 60 CHEFERM 30 min, F1EKR
B2, BEASHUE, KRNI IR D28 A
VE,RERIERT 0 CHE 24 h, BRIEARKE, K
AR, 2B T KA TR LB 5 A e =3, B T B
R AW —MARE R R RN 45%,
1.2 U RERLE

R AR R B & K 1 XRD 4 T R A 2
Panalytical 2 ® ] X’ Pert Pro MPD % J& 7 X %f
AT HHA, ME &M, BEHVEN Cu Ka(r=0.154

06 nm), & & 45 kV, B 40 mA, HRIEE 5° -min-

LR BB 4R 10, BBk 42 0.3 mm, A8 U B8 A IR R
A, AN mRERERFETEAKSKATHE
AL XRD 4 #7 B BfE | T 25 C)EAKEANR
43 20 min, #24 LL 40 °C-min™ 0385 M = E 5
BIH 2 600 °C, TE18 2 T e B I R IR R AR 2 15
min BT, 5 RE LA — B TR
P, HRBAEE S 0 25 °CL150 °C.200 °C.,
300 °C.400 °C.600 °C, B R LA 2 =il 525 C)F
X 600 °CA (O AE T HEAT — U

AR R A R I TR AT (N HL0) R
A Varil EL-3 B4 70 2 /- #r ACHEAT ; B8 &= 0 2 SR H
SLFA-800 B! X 5t £k % 6 6 4 A7 AL HEAT  FTIR 43 47
K F 3% B Thermo Nicolet 22 ®) NEXUS Z! {# H 47
e 41 S B REA, SRF KBr JE R, 334535 [ 400~4 000

em™; UV-Vis J6 3% 20 87 WAE Varian Cary50 2240 7]
WL 565 Bt B HEAT A #6 H .200~600 nm, 334
1 % 600 nm-min~; TG-DTA 4 #1 % H 46 5 55 4%
B WOT-2 B E-ZHORE | WA AT Ll
Pl 3 FORR AR TR S L = E 1400
°C, FHEEE 10 °C-min™; LRS J6 i 7 5 MK A %
J.Y.2A % 1 LabRam-010 767 2 5% # 1% , He/Ne
BOESLIR R IE R 15 mW , H Y5l 100~4 000
em™, BB [E D 20 s, HA R ECN 3 KB R 5y
fERS SR IA S RS WA 20 min, R JE T+ 2 2
B RE 15 min, B S PRIE A 2 IR S ERE S
HA 150 °C.250 °C.350 °C. 450 °C,

2 HiRHiTR

2.1 &R M UV-Vis J6iE 41

SLE ORI, N [ R VR pH B X =4 8
AR R, 2R H AR AR R
BRI NI AR, ITRRERIES Y%
BRI R R, BATRA I B $R R pH
¥ IE 2 0 SRR TR) R UV-Vis 6 8% 1 5 v
X EEAS B L AR ) PR A AE T AT T R,
WA RN .5 o MBREET 5 ml 28T
K B RN 15 mL 2K, 46 0 A 4 (R
RIFTE 60 °C), W& 5 min BAE—R, 4508
S ] S BB E] P A B UV-Vis S8, 45 R 1
Fim, Ehiisk e NSRS 2 KRG 0% B (R
(NH,), WO, ¥ ) UV-Vis JGiEE |

l {a) 0 mun
151 (®) 5 min
(¢) 10 min
(d) 15, 20 min
ié 104 (e) (NH,): WO,
[}
£
3 0.5+
<
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1 e ERE% S5 EK R R [ A ) =4 1

UV-Vis i Kl
Fig.1 UV-Vis spectra of ammonium metatungstate

hydrolysis products at different time
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7 B JEI] D 32 77 2 7 855 , 15 min J5 1% O T 56
2E% FRAS5HE e T2, FEH 15 nin B R
BERECKEHRICA DO, ma KR Ed
30 min, MERTYFSRESES BN FEEE
salf; AKEE T E At 2 b, I8 TN B RS RS &
&, )L F 28 R P Sl e & X T AR R R
LRBAEHUOXAEE )BIER, EWED
AT mEBRETFIUKILAIEEHRIREET, BL
8 hn 5 R B ) E S ERAR B T2l — S E A S ER
REF, BEifEA T 1E4 M T KR B E £ HI7E 20
min HE, MRIEBEFEEEUESRIRETH
BAFE,

Slowly
= W,0,"

patatungstae (B)

HW,0, *

% paratungstate (A)

pH = 4 quickly

WO

fungstate =
NN WO, - 2H.0 and WO, - H,O

hydrated tungstae trioxide

(HW,0.7), —— H, W0,

p metatungstate metatungstac

Bl 2 (R & AR pH (T 65 (L ae

Fig.2 Relationships between WO polymerization

and il! | values

WO0.S?

3 A LR NVEIR S WAL B R R & (NHy),
WOS, i 2 # R [ & BB ] o 8] 7= 4 9 UV-Vis %
WE, WE 3 A LIE Y S min B EIE 272,335 nm 4t
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1% {BM 35 min FFEETE 386 nm 40 &I = BUAL ARG
% .40 min FEEPAMBERZHZBHE 386 nm
Ab BT kU Bl = R BT A 6O SE K T E SR, B
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Wavelength / nm
B AR A Y UV-Vis B

is spectra Tor the formation of (NH):WO.S;

WOS -

B4 worsk st a#s g

Figd Process of replacement of 5% for WO,

RIBEEH AT, BN R UREZOT,
(1) (NHL)H,W .0, SHLO + 18NH, - H,0 —
12(NH,WO, + 15H,0
(2) (NH,WO, + (NH)S + H,0 —
(NH),WO,S + 2NH,H,0
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(NH,WO.S, + 2NH; - H0
(4) (NH.WO.S, + (NHL),S + HO —
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Fig.5 XRD pattern of as-synthesized (NH,),WO,S,
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BB TR AR L ATRLE R TG BT I TR
AT S B T FAEEE A — B 4 S XRD HdlE AT
DU BT & R AL & 8 00 B AR A R 4 B Ak

£1 “mRERESENTESNSE

Table 1 Results of elemental analysis for
(NH,),WO-S,
Element N H w (6] 8
Caled. / % 8.86 2.54 58.20 10.12 20.28
Found / % 8.94 2.68 57.93 10.25 20.20

2.3 FTIR i #7

Bl 6 b — AR 8 R0 U AR 65 R R R 1A 1Y
FTIR i, B 6 ATLLVE 5 TUHR AR IR 4
B, ZHARESIRE I P RNEMBH EREZ T
PUBRACES IR o, oo 1B 3 1 22 Bl 2 A R ARG
g4 5t ik 1) 863 em™ FI 806 em™ Ab HA B /N 1E 35 1)

(1) (NH,WO;S,

(2) (NH. WS,

Transmittance / %

=
IS
)
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Wavenumber / cm™'
Bl 6 hiARESER R U BT AR S MR 4 1Y) FTIR 1 &
Fig.6 FTIR spectra of as-synthesized (NH,),WO,S, (1)
and (NH,),WS, (2)
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Bl 7 BT 0 B AR RS R R 1 LRS b
W, o 846 om™ Ab MY SR IE 2 T AR R B
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WE RABRREERE T RFLEBALOM B 1310 8 F B BSEM)Z R B, K7L ALO, 254 i K
2R "AFERN TR ERE. Zeta AN E RN, HEREMF TRELKRPOM ALO, P F R HFIK HH
AR B, TERF RS AR TR AR TR, BT —#E. T TE PS DIRRART 87 ALO, SUKAHE AL 1R
MERZSEALE MR MILEAR BN EERE RERE _HEAE ZFE (L& PDER A PS Rt iiE:
R AT T B, PS BBk Zeta B eH- 44.36 mV ARAL T +37.41 mV, #EMEER T AR #2H — Fu i (8]
BRI AR, S T MR T, KALRE G T JIAR AL &, Rl LIE B R REE.

KR RILALO: M, EIGE, PSTIER, AR, B
hETES: 0647

Preparation of Macroporous Al,O; by Template Method

WANG, Xiao-Dong DONG, Peng” CHEN, Sheng-L1i
(State Key Laboratory of Heavy Oil Processing, China University of Petroleum, Beijing 102249, P. R. China)

Abstract Macroporous material of ALO; was prepared through mixing a Al,O; sol with polystyrene (PS) particles as
templates, drying the suspension, and finally calcining it to remove the templates. The measurement obtained from the
scanning electron microscopy (SEM) showed that the formed macroporous materials had a vesicle-like structure and
most of the voids left by the templates were isolated from each other. The Zeta-potential value indicated that the PS
spheres carried negative charges, whereas the alumina particles carried positive charges. During the preparation of
macroporous ALO;, the Al;O; colloidal particles were adsorbed on the surface of the PS particles, and the PS with the
shell of AlL,O, particles played the role of templates, resulting in the formation of vesicle-like structures. To avoid the
formation of the vesicle-like structure materials, the PS was switched from a negative charge fo a positive charge
through surface modification with PD (poly(diallyl-dimethy]l ammonium chloride)), so that PS spheres carried the same
kind of charge as the ALQO; colloidal particles. The SEM images showed that the macroporous matenial of AlLO;,
prepared using the modified PS spheres as templates, was free from the vesicle-like structure and voids left by the
templates were connected through some windows.

Keywords: Macroporous material of ALO;, Template method, Polystyrene spheres, Alumina sol,
Electric property modification

EER, RIL(Z 50 nm)&BEAF RN REMEASSR D ER S FEELTFLE A T E0E
ST AN ZXE BAeES RS E  OdR BimESm i I R R UL
R B B A E E RS RAEAESE  HHSEFRERE TS ALO; fEh— R F
JTERNAR R KA EBEAMIME R AE  RIRETL SR AR B R, FE T B
Received: January 16, 2006; Revised: March 16, 2006. : Correspondent, E-mail: p.dong(@china.com; Tel: +8610-89733783; Fax: +8610-69724721.

& B S ER B 5T A A RI(973)T0 H (2004 CB217808) F1 [E 2% B AR 52 £(20376046) % Bh
©Editorial office of Acta Physico-Chimica Sinica

233



832

Acta Phys. -Chim. Sin. (Wuli Huaxue Xuebao), 2006

Vol22

BRI B AL R I R F =Ty
ZEHECEATIOREEEE+SEER L

SR ARAR 5 AR O SN EEARAL B R FL ALOS
MR FLEE AN TR g8 FTiE SR AR R R
36T T SRy A R R A SE T BB A R . MR
FABCR T4%0, B—MERTTS 12 A BRAHE 4
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Fig.2 SEM images of macroporous Al;O;

(a) and (b) are the surface and the cross section of the sample,
respectively.
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Fig.3 SEM images of macroporous Si0;

(&) and (b) are the surface and the cross section of the sample,
respectively.
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F1 pH 5.5 FUKEIFIH BT 2 Zeta B
Table1 Diameter and the Zeta potential of different colloidal

particles in water suspension (pH=5.5)

Sample Diameter(nm) Zeta potential(mV)
1# P2 sphere 252 -44.36
2# P8 sphere 288 -45.56
ALO; particle 44 +22.25
S10; particle 29 -52.04
Ligf P?izi:mmg 332 +54.91", +37.96"

* and ** indicate Zeta-potential of PS sphere adsorbing AL,O; particles
after cne and two centrifugal trestrments, respectively.
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FEsiF g EE R E. T PS HER 5 ALO, FUAET Ar el
e tEAR, AMHRAEIERIRES S B FEE A
WEMEHEEEET MARMRE, REBHTAH
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Fig.4 Sketch of the adsorption layer on the surface
of PS spheres leadsto the voids of macro-
porous materials without run-through
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Fig.5 SEM images of macroporous Al;Osprepared
by co-deposition of modified PS spheres and
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(@) and (b) are the surface and the cross section of the sample,
respectively.
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Flow and mass-transfer laws in a fiber film extractor
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Abstract: The performances of the fiber film extractor were investigated using a cold plexiglass pipe of 70 mm in diameter
and 2630 mm in height. The influences of the operating and structural parameters on the flow and masstransfer character
istics of the fiber film extractor were revealed. By analyzing the volume masstransfer coefficient , the optimal operating
flow-ratio and packed density were obtained. A flow model was built. Moreover, based on the theoretical analysis, Renault
number was proposed as the design principle dimensionless number for fiber film extractor design purpose. The experimental
results indicate that the optimal operating flow-ratio for a fiber film extractor is 5 while the best packed density is 2. 8 %~
3 %.
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