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a b s t r a c t

A ceramic hollow fiber membrane distributor was proposed for the micro-scale distribution of reactants
in heterogeneous catalytic reaction. To evaluate the feasibility and the performance of the ceramic hollow
fiber membrane based reactant distribution, phenol hydroxylation with hydrogen peroxide (H2O2) over
TS-1 solid catalysts was selected as a model reaction. The effects of membrane structural parameters
of ceramic hollow fiber membrane on the micro-scale distribution and the reaction selectivity were
studied in detail. The influence of operation conditions such as hydrogen peroxide flow rate, stirring rate
and phenol/H2O2 molar ratio on the membrane distribution process was discussed. The ceramic hollow
fiber membrane with small pore size and proper gradient in the pore structure was demonstrated to have
a promotion effect on the reaction selectivity, which indicated its ability to generate uniform droplets in
micro-scale. In addition, the increase of H2O2 flow rate and/or stirring rate can result in an improvement
of reaction selectivity. Because of its controllable structure, high chemical stability and high packing
density, the ceramic hollow fiber membrane distributor has potential for widespread applications in
heterogenous catalysis.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Heterogeneous catalysis has become a key technology used in
the petrochemical, fine chemical and pharmaceutical industries
[1,2]. For heterogeneous catalysis concerning nano/micro-sized
solid catalysts, the inorganic membrane reactor, combining the
catalytic reaction and membrane separation, has advantages that
retains the catalysts in situ and makes the reaction process contin-
uous [3–5]. Catalysts in the membrane reactor are mainly classified
into three types: immobilized onto the substrate [6–8], packed on
the membrane surface [9,10] and suspended in the reaction mix-
ture [11]. Our previous studies [12–14] reported the ceramic mem-
brane reactor had an impressive performance in catalytic reactions
such as phenol hydroxylation and acetone ammoximation. Owing
to the introduction of ceramic membranes, both reaction
conversion and product selectivity distinctly improved while
almost no weight loss of catalyst particles could be observed.
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The membrane function in the reactor is not only to selectively
separate the solid catalysts from reaction mixture, but also can
serve to control the addition of reactants to the reaction mixture
[15,16]. Luo and coworkers [17–19] developed a membrane disper-
sion microreactor with a microfiltration membrane as the disper-
sion media which exhibited excellent micro-mixing performance
in homogeneous and heterogeneous precipitation reactions for
the preparation of nanoparticles. They found the microfiltration
membrane was critical for assuring its high performance.

In liquid–solid catalytic reaction, one important factor for the
promotion of mass transfer and reaction selectivity is the effective
contact area between liquid reactants and solid catalysts [20]. Re-
cently, for the purpose of increasing the liquid–solid interfacial
contact area, tubular porous ceramic membranes were employed
as the reactant distributor in heterogeneous catalytic reactions
[14]. The porous ceramic membrane distributor could provide con-
trollable and uniform distributed reactant in micro-scale size,
meanwhile the controlled addition of reactants limited the side
reactions and thereby enhanced the product selectivity. Although
the experimental results showed several remarkable characteris-
tics of porous ceramic membrane based distribution process, the
effects of membrane structure and operation conditions on the mi-
cro-scale distribution were still not clearly illustrated.

Membrane morphology control is a great challenge because
many preparation factors can solely or jointly affect the formation
of membrane structures. Li and coworkers [21–25] developed a
well-designed phase inversion/sintering process coupled with an
optimal spinning suspension for obtaining inorganic hollow fiber
membranes with desired membrane morphology. Due to its high
surface area/volume ratios (500–9000 m2/m3) and high thermal,
chemical and mechanical stability, the ceramic hollow fiber mem-
brane has showed potential applications in catalytic membrane
reactors and membrane contactors [26]. However, to date, the uti-
lization of the ceramic hollow fiber membrane distributor in heter-
ogeneous catalytic reaction has been seldom reported.

In this paper, the ceramic hollow fiber membrane was used as a
reactant distributor to achieve the micro-scale distribution of
reactants in heterogeneous catalysis. To evaluate the feasibility
and the performance of the ceramic hollow fiber membrane dis-
tributor, catalytic hydroxylation of phenol with hydrogen peroxide
on TS-1 catalyst was selected as a model reaction. Dihydroxyben-
zene (DHB), including hydroquinone (HQ) and catechol (CA), are
widely used as antioxidants, medicines, perfumes, polymerization
inhibitors, and for organic synthesis, etc. Phenol hydroxylation
with H2O2 over the TS-1 catalyst for DHB production is considered
as a promising production process for its remarkable advantages
such as mild reaction condition, superior shape-selective oxidation
capability as well as simple and environmentally friendly process
[27,28]. The effect of structural parameters of ceramic hollow fiber
membrane on the micro-scale distribution and the reaction selec-
tivity was studied. Further, the influence of operation conditions
such as the H2O2 flow rate, the stirring rate and the phenol/H2O2

molar ratio on the phenol hydroxylation reaction was investigated.
Scheme 1. The hydroxylation of phenol with hydrogen peroxide over TS-1 catalyst.
2. Experimental section

2.1. Materials

Phenol and hydroquinone were purchased from Shantou Xilong
Chemical Co., Ltd. (China). Catechol was provided by the Shanghai
Sansi Reagent Co., Ltd. (China), and 30% H2O2 solution was supplied
by the Sinopharm Chemical Reagent Co., Ltd. (China). The above
materials were of analytical grade. Methanol (>chromatography
grade) was supplied by the Yuwang Group (China). TS-1 catalyst
(average particle size, 200 nm; specific surface area, 408 m2 g�1;
Si/Ti molar ratio, 59) was provided by Baling Petrochemical Com-
pany (China). All water used in this work was self-prepared deion-
ized water and had an electrical conductivity below 12 ls cm�1.

2.2. Fabrication of ceramic hollow fiber membranes

The ceramic hollow fiber membranes were prepared according
to the method reported in the literature [21,22]. The varied micro-
structural characteristics of membrane were controlled by using
different bore fluid composition [24,29]. The required quantity of
aluminum powder, polyvinylpyrrolidone (PVP) and N-methyl-2-
pyrrolidone (NMP) were taken in a stainless bottle, while a stirrer
at a given speed was used to ensure that all the aluminum powders
are dispersed uniformly in the suspended solution. After that,
polyethersulfone (PES) was added into the suspension solution
slowly. The result polymer solution was degassed at room temper-
ature. Then the spinning dope was extruded by a variable flow
pump through the spinneret into water with the air gap of
150 mm. Finally, the prepared precursor was dried at 373 K for
12 h and then calcined at a high temperature to form the ceramic
hollow fiber membrane. The pore size distribution of ceramic hol-
low fiber membranes was measured by a modified bubble-point
method [30]. The ceramic hollow fiber membranes with pore size
of 2.0, 1.0, 0.5, and 0.3 lm were used as the reactant distributor.
Their length, outer diameter and inner diameter were approxi-
mately 50 mm, 2.1 mm and 1.0 mm, respectively.

2.3. Hydroxylation experiment

To investigate the effects of ceramic hollow fiber membrane
structure and operating conditions on the heterogeneous catalysis,
the phenol hydroxylation with hydrogen peroxide over TS-1 was ta-
ken as a model reaction. For phenol hydroxylation catalyzed by TS-
1, as a typical catalytic reaction in solid–liquid system, the surface
titanium peroxo compounds form with H2O2 and subsequently
transfer the peroxidic oxygen to phenol [31,32]. However, some
unexpected by-products such as benzoquinone would be generated
because of the strong oxidizing properties of H2O2, resulting in the
decrease of DHB selectivity, as depicted in Scheme 1.

A submerged ceramic membrane reactor system was con-
structed and is shown schematically in Fig. 1, which consists
mainly of slurry stirred reactor, ceramic hollow fiber membrane
module, feed system and heating system. The reactor was a trans-
parent cylindrical tank with a working volume of 300 mL. The cera-
mic hollow fiber membrane was connected to the liquid feeding
tube at one end, and the other end was sealed with glaze. A con-
stant flow pump (Beijing Chuangxin Tongheng Science & Technol-
ogy Co., Ltd., China) was employed to feed H2O2 into the phenol



Fig. 1. Reactor configurations used in this work for phenol hydroxylation over TS-1:
1-H2O2 solution storage tank, 2-feed pump, 3-ceramic hollow fiber membrane, 4-
reactor, 5-thermocouple, 6-stirrer and 7-water bath.

Fig. 2. Evolution of phenol conversion and DHB selectivity with time for the
different feeding modes of hydrogen peroxide (Cphenol = 1.57 mol L�1, CH2O2 = 1.57 -
mol L�1, catalyst concentration is 6.5 g L�1, reaction temperature is 353 K, stirring
rate is 380 rpm, and flow rate of hydrogen peroxide is 1.0 mL min�1).
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solution, which ensured a steady flow rate of H2O2. The reactor was
immersed in a water bath whose temperature was controlled by a
temperature controller (Shanghai Hua Chen Medical Instruments,
China).

The membrane reactor was operated in a batch mode. After gi-
ven amounts of phenol aqueous solution and TS-1 catalyst were
added into the reactor, the system was heated to a desired temper-
ature under stirring. When the temperature reached the set value,
30% H2O2 aqueous solution was pumped into the inner of the cera-
mic hollow fiber membrane and forced to flow through the mem-
brane pore into the phenol solution to start the reaction. When the
expected phenol/hydrogen peroxide molar ratio was reached, the
injection of H2O2 aqueous solution stopped. The reaction was con-
tinued for an additional 1 h until the conversion was complete. The
reaction products were analyzed by high performance liquid chro-
matography (HPLC, Agilent 1100 Series, US) equipped with a diode
array detector, an autosampler and a ZORBAX Eclipse XDB-C18 col-
umn. The analyses were performed at 308 K by a UV detector at
277 nm using a mobile phase consisting of methanol/pure water
(40:60 v/v) at a flow rate of 1.0 mL min�1. The automatic injection
volume was 5 lL per sample. A calibration curve of oxidation prod-
ucts was drawn using aqueous samples of known composition.
Phenol conversion and DHB selectivity were calculated on the basis
of the starting amount of phenol, according to Eqs. (1) and (2),
respectively [33].

X ¼ CphenolðoÞ � CphenolðpÞ

CphenolðoÞ
ð1Þ

S ¼ CCA þ CHQ

CphenolðoÞ � CphenolðpÞ
ð2Þ

where X is the phenol conversion, S is the DHB selectivity, Cphenol(o)

is initial phenol concentration in the reaction liquid (mol L�1),
Cphenol(p) is the final phenol concentration in the reaction liquid
(mol L�1), CCA and CHQ are the concentration of CA and HQ in the
reaction liquid (mol L�1). The concentration of H2O2 in reaction
liquid was denoted as C(H2O2). To achieve reproducible results,
multiple (more than triplicate) experiments were mostly performed
and are presented with error bars.

2.4. Membrane characterization

Structures of the prepared ceramic hollow fiber membranes
were observed using a field emission scanning electron microscope
(FESEM, S-4800 II, Hitachi, Japan). The micrographs of cross-sec-
tion of the ceramic hollow fiber membranes were taken at various
magnifications.
3. Results and discussion

3.1. Comparison of feeding modes of the hydrogen peroxide

In order to investigate the feasibility of the ceramic hollow fi-
ber membrane as a hydrogen peroxide distributor, a comparative
study of three different feeding modes of the hydrogen peroxide
was carried out in the phenol hydroxylation reaction over tita-
nium silicalite (TS-1) catalyst. For feeding mode A, hydrogen per-
oxide was distributed into the reaction mixture via the ceramic
hollow fiber membrane (average pore size of 0.5 lm). For feeding
mode B and C, hydrogen peroxide was added directly into the
phenol solution drop by drop and added in one lot, respectively.
Fig. 2 shows the effects of the H2O2 feeding mode on the phenol
conversion and the DHB selectivity in the phenol hydroxylation
reaction. For those three feeding modes, the phenol conversion
increased gradually in the initial reaction stage and tended to re-
main constant after 60 min. As can be seen in the figure, the phe-
nol conversion of modes A and B was slightly higher than that of
mode C. That is because the decomposition rate of H2O2 increases
substantially with its concentration, and for mode C, H2O2 was
poured into the phenol solution at one time which aggravated
the H2O2 decomposition and consequently lowered the phenol
conversion. Hence, under low phenol/H2O2 molar ratio, the utili-
zation of the ceramic hollow fiber membrane that controlling
the H2O2 feeding at a certain flow rate can effectively improve
the phenol conversion.

The DHB selectivity in terms of H2O2 distributed by the ceramic
hollow fiber membrane was obviously higher than that via drop by
drop mode and one lot mode. In liquid–solid catalytic reaction, li-
quid droplets with high surface area to volume ratios at the micro-
scale can shorter heat and mass transfer times and diffusion dis-
tances, facilitating faster reaction times [34]. For H2O2 distribution,
ceramic hollow fiber membrane of a micro-scale pore size has the
ability to reduce its droplet size, enlarge the contact area between
liquid–solid phases and thus significantly increase the reaction
selectivity.
3.2. Effect of membrane micro-structure on the reaction conversion
and selectivity

The H2O2 distribution procedure based on the ceramic hollow
fiber membrane can be divided into three major steps: (I) the
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H2O2 aqueous solution is forced to flow through the membrane
pores, (II) the droplets formed on the membrane surface and (III)
the droplets distributed into the reaction mixture. In the H2O2 dis-
tribution process under a certain feeding flow rate, steps I and II
are mainly controlled by the parameters of the ceramic hollow fi-
ber membrane micro-structure (pore size, pore structure, mem-
brane thickness, etc.).
3.2.1. Effect of pore size of the ceramic hollow fiber membrane
The effect of membrane pore size on the reaction conversion

and DHB selectivity was investigated using ceramic hollow fiber
membranes with different pore sizes, that is, 2.0, 1.0, 0.5, and
0.3 lm, and the experimental results are shown in Fig. 3.

Compared with the phenol conversion, the DHB selectivity was
affected more apparently by the membrane pore size, as Fig. 3
shows, the DHB selectivity increased as the membrane pore size
decreased while the phenol conversion remained stable. The DHB
selectivity was raised to approximately 85% when the membrane
pore size of the ceramic hollow fiber membrane was 0.3 lm.
Fig. 4 illustrates the H2O2 droplets formation in terms of the mem-
brane distribution, the droplet size that generated by the ceramic
hollow fiber membrane with smaller membrane pore size was rel-
atively closed to the particle size of TS-1 catalysts, which could in-
crease the contact area between the liquid droplets and solid
catalyst particles, thus intensify the mass transfer. Moreover, Xu
et al. found that the decrease of membrane pore size enhanced
the micro-mixing performance [35]. This result is also in agree-
ment with our previous work [14] that the enhancement of reac-
tion selectivity could be achieved with the reduced membrane
pore size.
3.2.2. Effect of pore structure of the ceramic hollow fiber membrane
In this study, the as-prepared ceramic hollow fiber membranes

had the asymmetric structure including the finger-like voids and
the sponge-like structure. It have been reported that the relative
thickness of finger-like and sponge-like regions could greatly affect
the properties of the membrane such as mechanical strength and
permeation ability [24]. To investigate the effect of pore structure
on the phenol hydroxylation reaction, three ceramic hollow fiber
membranes (pore size 0.5 lm) with different pore structures were
used as the H2O2 distributors: HF-1 (the finger-like void length was
approximately 80% of the fiber cross-section, Fig. 5a and b), HF-2
(the finger-like void was initiated from both the inner and outer
Fig. 3. Effect of pore size of the ceramic hollow fiber membrane on the phenol
conversion and DHB selectivity (Cphenol = 1.57 mol L�1, CH2O2 = 1.57 mol L�1, catalyst
concentration is 6.5 g L�1, reaction temperature is 353 K, stirring rate is 380 rpm,
and flow rate of hydrogen peroxide is 1.0 mL min�1).
surfaces simultaneously, Fig. 5c and d) and HF-3 (the finger-like
void was initiated from the inner surface alone, Fig. 5e and f).

Fig. 6 exhibits the effect of pore structure of the ceramic hollow
fiber membrane on the phenol conversion and DHB selectivity. For
HF-1, which mainly consisted of the finger-like void, the DHB
selectivity was relatively low. Due to the comparable high porosity
and wide pore size distribution of the finger-like void, it was diffi-
cult for HF-1 to produce uniform droplets. Meanwhile, the low
mechanical strength of HF-1 restricted its practical applications.
For HF-2, in which the sponge-like structure with smaller pore size
was sandwiched by the finger-like voids, the distributed reactant
permeated through the sponge-like layer might aggregate in the
finger-like voids and then form the droplets of a larger size, there-
by limited the DHB selectivity improved. For HF-3, in which the
finger-like void originated from the inner surface, the DHB selectiv-
ity could raise to 80.8% because of a proper gradient in the pore
structure, that is the pore size was gradually reduced from the feed
side to the permeate side of the membrane, which favored the for-
mation of the distributed reactant in micro- and nanoscale. Since
the pore size in sponge-like region was smaller than that in fin-
ger-like voids [36], and with the influence of the sponge-like region
position, it could be concluded that the sponge-like region is the
main separation layer for membrane distribution process.

3.3. Effect of operation conditions on the reaction conversion and
selectivity

In the phenol hydroxylation reaction assisted by the membrane
distribution, the phenol conversion and the DHB selectivity are not
only influenced by the membrane micro-structure, but also obvi-
ously affected by the operation conditions such as H2O2 flow rate,
stirring rate and phenol/H2O2 molar ratio. To systematically inves-
tigated the effects of these operation parameters on the reaction
conversion and selectivity, ceramic hollow fiber membranes with
the pore size of 0.5 lm were used as the H2O2 distributor.

3.3.1. Effect of H2O2 flow rate
H2O2 was fed into the phenol solution via the ceramic hollow

fiber membranes controlled by a constant flow pump with the flow
rate of 0.5 mL min�1, 1.0 mL min�1, 2.0 mL min�1, 3.0 mL min�1

and 4.0 mL min�1, respectively.
Fig. 7 shows the effect of H2O2 flow rate on the phenol conver-

sion and DHB selectivity. It can be seen that the DHB selectivity
rose upward as the H2O2 flow rate increased, and reached 90.7%
when the feeding rate was 4.0 mL min�1. As previous study re-
ported, the droplet size of distributed reactant decreased with an
increase of flow rate [35]. Egidi et al. [37] also found that, at high
distributed reactant injection rates, the droplets detached sooner,
resulting in smaller diameter and more uniform droplets size.
Therefore, it could be speculated that high flow rate was beneficial
to the formation of distributed reactant with smaller droplet size,
which consequently promoted the DHB selectivity. However, the
phenol conversion decreased with the increase in H2O2 flow rate.
The reasonable explanation was that the high feeding flow rate re-
sulted in an increase of H2O2 concentration in the reaction mixture,
which caused the rapid and inefficient decomposition of H2O2.
Thus, the actual amount of H2O2 taking part into the hydroxylation
reaction reduced and subsequently the phenol conversion
dropped.

Fig. 8 displays the surface morphology of the ceramic hollow fi-
ber membranes under the different H2O2 flow rate. As shown, the
catalyst particles were easily adsorbed and deposited on the mem-
brane surface when the H2O2 flow rate is low. The explanation is,
under the low H2O2 feeding flow rate, the injection of the distrib-
uted reactant cannot produce sufficient shear stress to scour off
the solid particles already deposited on the membrane surface.



Fig. 4. Schematic illustration of the H2O2 distribution procedure based on the ceramic hollow fiber membrane with (a) smaller membrane pore size and (b) larger membrane
pore size.

Fig. 5. The morphology of the ceramic hollow fiber membranes with different pore structures: (a) top view of HF-1; (b) cross-section of HF-1; (c) top view of HF-2; (d) cross-
section of HF-2; (e) top view of HF-3; (f) cross-section of HF-3.
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Meanwhile, the low feeding flow rate was not suitable for the
effective distribution of H2O2 which caused the generation of
byproducts, thus the viscosity of the reaction mixture increased,
leading to the aggregation and adsorption of catalyst particles on
the membrane surface. When the H2O2 flow rate increased to
4.0 mL min�1, the adsorption amount of TS-1 catalyst on the mem-
brane surface significantly reduced (Fig. 8c), which made the con-
centration of the catalyst in the reaction system to keep constant.
Compared with the single tube ceramic membrane as a H2O2 feed-
ing distributor in our previous work [14], the fouling degree of the
ceramic hollow fiber membrane was lower, which might be due to
the larger surface curvature of the hollow fiber membrane was not
in favor of the solid particles deposition.

3.3.2. Effect of stirring rate
The effect of stirring rate on the phenol hydroxylation reaction was

investigated and the results are shown in Fig. 9. It can be found that,
with the increase of stirring rate, both the phenol conversion and the
DHB selectivity were enhanced. In membrane distribution process,
the stirring rate has been found to significantly influence the mean



Fig. 6. Effect of pore structure of the ceramic hollow fiber membrane on the phenol
conversion and DHB selectivity (Cphenol = 1.57 mol L�1, CH2O2 = 1.57 mol L�1, catalyst
concentration is 6.5 g L�1, reaction temperature is 353 K, stirring rate is 380 rpm,
and flow rate of hydrogen peroxide is 1.0 mL min�1).

Fig. 7. Effect of H2O2 flow rate on the phenol conversion and DHB selectivity
(Cphenol = 1.57 mol L�1, CH2O2 = 1.57 mol L�1, catalyst concentration is 6.5 g L�1,
reaction temperature is 353 K and stirring rate is 380 rpm).

Fig. 8. The surface morphology of the ceramic hollow fiber membranes under the differe
membrane.
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droplet size of distributed reactant, which is inversely proportional to
the wall shear stress that can be strengthened when higher stirring
rates are applied [37,38]. As mentioned before, the phenol conversion
and the DHB selectivity increased with the decrease of the droplet size
of H2O2. When the stirring rate was low, a certain amount of solid cat-
alyst particles could be observed that deposited on the bottom of the
reactor. Thus, the increase of the stirring rate successfully promoted
the homogeneity of catalyst particles distribution within the mem-
brane reactor, and also could result in an improvement of the phenol
conversion and the DHB selectivity.

3.3.3. Effect of phenol/hydrogen peroxide molar ratio
As shown in Fig. 10, the phenol/H2O2 molar ratio obviously af-

fected the phenol conversion and the DHB selectivity, as the
H2O2 involved in the reaction reduced, the phenol conversion de-
clined while the DHB selectively increased gradually. In the case
of low phenol/H2O2 molar ratio, high concentration H2O2 decom-
posed faster and lowered its effective participation in the phenol
hydroxylation reaction, as a result, the actual phenol conversion
was far below the theoretical value. Furthermore, under high con-
centration H2O2, the hydroquinone was liable to further oxidize to
generate byproducts, and thus lowered the DHB selectivity. It
could be observed at the end of the reaction, the reaction solution
became dark reddish-brown which meant oxidation byproducts
such as quinone and phenolic tar were existed. When the phe-
nol/H2O2 molar ratio rises, both the utilization of H2O2 and the
DHB selectively increase. The existing phenol hydroxylation pro-
duction processes were mainly under high phenol/H2O2 molar ra-
tio, for the improvement of the DHB selectivity. Compared with
those processes, phenol hydroxylation assisted by the membrane
distribution technique was demonstrated to promote the reaction
selectivity under low phenol/H2O2 molar ratio, which had a high
atom economy.

3.4. Comparison of phenol conversion and DHB selectivity in various
reactors

Table 1 lists the experimental results from this work and com-
pares them with data from various reactors. It is noted that the
DHB selectivity in batch reactor based on micro-scale membrane
distribution was higher than those in traditional batch reactor
nt H2O2 flow rate: (a) 1.0 mL min�1, (b) 2.0 mL min�1, (c) 4.0 mL min�1 and (d) fresh



Fig. 10. Effect of phenol/H2O2 molar ratio on the phenol conversion and DHB
selectivity (Cphenol = 1.57 mol L�1, catalyst concentration is 6.5 g L�1, reaction tem-
perature is 353 K, stirring rate is 380 rpm and flow rate of hydrogen peroxide is
1.0 mL min�1).

Fig. 9. Effect of stirring rate on the phenol conversion and DHB selectivity
(Cphenol = 1.57 mol L�1, CH2O2 = 1.57 mol L�1, catalyst concentration is 6.5 g L�1,
reaction temperature is 353 K and flow rate of hydrogen peroxide is 1.0 mL min�1).
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[39] and fixed-bed flow reactor [40], but lower than those in cata-
lytic wall microreactor [41], which mainly caused by the different
phenol/H2O2 molar ratio. Compared with the submerged mem-
brane reactor reported in our previous work [12], a higher DHB
selectivity could be obtained with comparable phenol conversion
in this work, which indicated that the membrane distributor effec-
tively promoted the product selectivity.

4. Conclusions

In this paper, we propose a ceramic hollow fiber membrane
distributor for the micro-scale distribution of reactants in
heterogeneous catalytic reaction, and its performance was evalu-
Table 1
Comparison of phenol conversion and DHB selectivity in various reactors.

Reactor Catalyst Operation conditions

Catalyst
concentration
(g)

Reactio
temper
(�C)

Batch reactor TS-1 0.5 70
Fixed-bed flow reactor Fe-Co-NaY 2.0 70
Catalytic wall microreactor TS-1 0.35 60
Submerged membrane reactor TS-1 8.0 80
Batch reactor TS-1 1.5 80
Batch reactor TS-1 1.5 80
ated using the phenol hydroxylation with hydrogen peroxide over
TS-1 catalyst as the model reaction. It was found that the DHB
selectivity in terms of hydrogen peroxide distributed by the cera-
mic hollow fiber membrane was significantly higher than that
via drop by drop mode and one lot mode. The comparative study
of membrane distributors with different structural morphology
indicated that ceramic hollow fiber membranes with small pore
size and proper gradient in the pore structure had the ability to
generate micro-scale droplets with uniform droplet sizes and a
narrow size distribution, which was demonstrated to have a pro-
motion effect on the reaction selectivity. In summary, the mem-
brane distribution technology is generic and may be applied to
other heterogonous catalytic reactions (liquid–solid phase or li-
quid–gas phase) with porous ceramic membranes as a reactant dis-
tributor to improve the catalytic performances.
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