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AbstractA high performance catalytic membrane was fabricated with Pd nanoparticles supported by TiO2 nano-
tubes, where the TiO2 nanotubes were synthesized on the ceramic membrane via a simple hydrothermal etching. A
flow-through catalytic membrane reactor was developed for testing the catalytic properties in the p-nitrophenol reduc-
tion. The effect of etching time was investigated in detail and an optimal etching time was determined to be 16 h. The
characterization results highlighted that the as-prepared bouquet-like TiO2 nanotubes could significantly improve the
loading amount and dispersity of Pd nanoparticles. The fabricated catalytic membrane exhibited considerably improved
catalytic activity and stability, with a 100% conversion of p-nitrophenol and no loss in catalytic activity during five reac-
tion cycles. The obtained activation energy was much lower than the values in literatures, implying that the p-nitrophe-
nol reduction could take place more easily on our catalytic membranes compared to other catalysts.
Keywords: Catalytic Membrane, Pd Nanoparticles, Tio2 Nanotubes, Ceramic Membranes, p-Nitrophenol Reduction

INTRODUCTION

Catalytic membrane reactors have attracted considerable atten-
tion owing to the distinctive ability to simultaneously carry out a
chemical reaction and mass transfer into and out of the reaction
zone [1-3]. Catalytic membrane reactors can be traced back to
1960s, proposed by Gryaznov for the first time [4]. Most of the
early-stage research on catalytic membrane reactors focused on the
gas phase reactions, where membranes (such as dense metal mem-
branes) were used to remove the gases produced from the reaction
mixture, breaking through thermodynamic equilibrium restriction,
thereby achieving higher conversion of reactants or higher selec-
tivity of desired products [5,6]. For example, Lin et al. [7] employed
a defect-free palladium membrane reactor for an integrated pro-
duction and purification process of hydrogen. In the steam reform-
ing of methane, the reaction rate was significantly advanced with
the assistance of a gas separation membrane module, and the con-
version reached 45%, which was 15% higher than the thermody-
namic equilibrium conversion.

With the development of catalytic membrane reactors, more
efforts were made toward the liquid-solid and gas-liquid-solid multi-
phase reactions, and the function of membranes was further enriched
[8-10]. The membrane can act as the carrier of catalytic active com-
ponents or has catalytic performance itself [11]. Liu et al. [12] pre-
sented a new chiral catalytic membrane reactor which was con-
structed by immobilizing Mn (III) catalysts onto ceramic mem-
branes. The results for the asymmetric epoxidation of styrene showed
that the catalytic membrane reactor had more stable catalytic per-

formance as compared to the homogeneous Mn (III) catalyst under
the same reaction conditions. Additionally, the membrane catalyst
could be reused directly without downstream separation.

In comparison with powder catalysts, catalytic membranes are
capable of easily separating the catalysts from the reaction mixture,
so it is propitious to realize the cyclic use of catalysts [13]. How-
ever, due to the limited available surface area for the access of reac-
tants, catalytic membranes have internal deficiency [14]. Thus, a
large number of membrane areas are required in terms of the lim-
ited reaction capacity. For example, when a catalytic membrane reac-
tor was applied to partial hydrogenation of soybean oil, standard
commercial treatment of 5-20 t of oil required 1,500-7,300 m2 of
membrane surface area [15], which would significantly increase
the cost of industrial application. Consequently, improving the cat-
alytic efficiency of a catalytic membrane is urgent, and has become
a hot research topic.

To date, various approaches have been attempted to improve the
catalytic performance of catalytic membranes, such as membrane
modification, membrane configuration optimization and develop-
ment of novel preparation methods [16-18]. Wang et al. [16] im-
mobilized Pd/Fe nanoparticles in hydrophilically modified PVDF
membranes for catalytic dechlorination of trichloroacetic acid. The
modified PVDF membranes were able to decrease the aggregation
of nanoparticles. The catalytic dechlorination rate with Pd/Fe-based
hydrophilized PVDF membrane was 6.8-times greater than that
with Pd/Fe-based unmodified PVDF membrane. Mahdavi et al.
[17] developed a novel approach for the fabrication of catalytic poly-
meric membranes comprised of hierarchical nanostructures. Cata-
lytic polymeric membranes were prepared by loading Pd decorated
multi-wall carbon nanotubes (Pd-MWCNT) in polysulfone mem-
branes. For selective oxidation of benzylalcohol, the resultant cata-
lytic membrane exhibited better reactivity and reusability than the
conventional catalytic membrane containing free Pd-MWCNT. Our
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group [18] successfully synthesized an efficient and reusable cata-
lyst by depositing Pd nanoparticles on a hollow fiber ceramic mem-
brane. As compared to tubular ceramic membrane, the fiber ceramic
membrane could provide more surface area for the loading of pal-
ladium, thereby higher Pd content and catalytic activity. Very recently,
we used TiO2 nanorods to functionalize the ceramic membrane
surface and then loaded Pd nanoparticles [19]. The modification
with TiO2 nanorods could increase the area, resulting in increased
Pd loading and enhanced catalytic activity. Our previous work often
directly put catalytic membranes into reactive systems [18,19]. In
essence, these membranes serve as a porous support for incorpo-
rating active sites of catalysts rather than an integrative separation
and reaction device.

In this contribution, a flow-through catalytic membrane reactor
was designed, where the reactant solution was pumped through
the membrane pores, in favor of access to active sites. TiO2 nano-
tubes on ceramic membranes were fabricated via a simple in situ
acid etching of TiO2 nanorods in company with the deposition of
Pd nanoparticles. The significant influence of the functionaliza-
tion of TiO2 nanotubes was investigated by characterizing the cata-
lytic membranes with XRD, FESEM, HRTEM, ICP and XPS, and
evaluating the catalytic properties with the p-nitrophenol reduc-
tion as the model reaction.

EXPERIMENTAL

1. Chemicals
Titanium butoxide (98.0%) and concentrated hydrochloric acid

(36.5-38 wt%) were purchased from Shanghai Ling Feng chemical
reagents Co., Ltd., China. Palladium acetate was obtained from Sino-
platinum Metals Co., Ltd., China. N-(-aminoethyl)--aminopro-
pyl trimethoxy silane (AAPTS) was provided by Nanjing Capatue
Chemical Co., Ltd., China. Other chemicals were of analytical grade
and used as received without further purification. Sheet alumina
ceramic membrane (3m in pore size, 3.2cm in diameter and 2mm
in thickness, marked as CM) was obtained from Jiangsu Jiuwu Hi-
Tech Co., Ltd., China.
2. Preparation of Catalytic Membranes

The preparation of catalytic membranes can be divided into
three steps. First, bouquet-like TiO2 nanorod arrays were prepared
directly on CM substrates via a two-step hydrothermal method
according to our previous work [19]. Subsequently, the in situ con-
version of nanorods into nanotubes was conducted by immersing
the obtained TiO2 nanorods-modified CM in 40 mL of hydrochlo-
ric acid aqueous solution (the volume ratio of deionized water to
concentrated hydrochloric acid was 1 : 1) at 150 oC for 8-20 h. After
the synthesis of TiO2 nanotubes-modified CM, the sample was exten-
sively rinsed with deionized water for several times until it was
neutral, and dried in an oven at 60 oC for 4 h (the boiling point of
hydrochloric acid is 57 oC). Thus, the chlorine impurity on the sam-
ple might be completely removed. Finally, the TiO2 nanotubes-
modified CM was immersed in 50 mL of AAPTS dichlorometh-
ane solution (1 g/L) at 25 oC for 8 h. Then, the final catalytic mem-
branes were synthesized by immersing the samples in a 0.05 mol/
L Pd nanoparticle colloid [20] (50 mL) at 40 oC for 12 h. The col-
loid was synthesized by stirring the mixture (0.56 g of palladium

acetate, 5.55 g of polyvinylpyrrolidone (PVP) and 50 mL of analyt-
ically pure ethanol) in a 250 mL beaker flask at 60 oC for 2 h.

The variation of the etching time in the hydrothermal etching
process plays an important role in the synthesis of TiO2 nanotubes
and catalytic membranes. The as-prepared catalytic membranes
with different etching time were named as Pd/TiO2-CM-t (t refers
to the etching time). In addition, for comparison, Pd loaded bare
CMs were also fabricated under the same conditions and denoted
as Pd/CM.
3. Characterization of Catalytic Membranes

The crystal structures of the TiO2 nanotubes on CMs were ana-
lyzed by X-ray diffraction (XRD, MiniFlex-600). The data were
recorded in the 2 range from 10o to 80o with a scanning velocity
of 10o per minute. The distribution of elemental Pd on the surface
and the cross section of catalytic membranes was analyzed by
energy-dispersive X-ray spectroscopy (EDS). The morphology of
TiO2 nanotubes-modified CMs as well as the immobilized Pd nano-
particles was characterized by the field emission scanning electron
microscope (FESEM, Hitachi S-4800II) and the high-resolution
transmission electron microscopy (HRTEM, JEM-2010). The Pd
content of catalytic membranes was evaluated via inductively cou-
pled plasma emission spectroscopy (ICP, Optima 2000 DV). Before
ICP analysis, catalytic membranes were immersed in 20 mL 10%
(v/v) nitric acid (65-68 wt%) aqueous solution at 60 oC for 2 h. X-
ray photoelectron spectrometry (XPS, Thermo ESCALAB 250)
was applied to investigate the surface composition and chemical
states of all elements. The binding energy of the C 1s main peak
was set at 284.8 eV for charge correction.
4. Catalytic Performance Evaluation

The reduction of p-nitrophenol (Scheme 1) was chosen for deter-
mining the catalytic activity and stability of the produced catalytic
membranes. During the reaction, Pd nanoparticles accepted elec-
trons from BH4

 ions and conveyed them to p-nitrophenol mole-
cules, promoting the reduction [21,22]. First, p-nitrophenol and
NaBH4 were absorbed on the surface of Pd nanoparticles, and BH4



ions transferred H species to the surface of Pd nanoparticles. Sec-
ond, H species transferred from Pd nanoparticles to p-nitrophe-
nol. Finally, the reduction performed step by step, and then p-
aminophenol was formed.

Catalytic performance test was carried out in a flow-through cat-
alytic membrane reactor as presented in Fig. 1. The reactor was built
with a membrane module, a storage tank and a peristaltic pump.
A water bath was used to keep the reaction temperature constant.
At the beginning of each experiment, 60 mL of reaction mixture
(10mL of ethanol and 50mL of water) containing 0.45g of p-nitro-
phenol and 0.65 g of NaBH4 (molar ratio 1 : 5.3) was loaded into
the storage tank. The membrane module and storage tank were
put in the water bath for the sake of maintaining the reactant solu-
tion at 30 oC. The concentration of p-nitrophenol was measured

Scheme1.Reduction of p-nitrophenol to p-aminophenol with NaBH4.
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before recycling experiment, and it was found that no p-nitrophe-
nol was converted, confirming that the reaction would not occur
without catalyst. The reaction was started when the reactant solu-
tion was introduced into the membrane module by a peristaltic
pump (flow rate 45 mL/min). The reactor was operated in a recy-
cle mode under a filtration pressure of 0.25 bar. During the reac-
tion, the mixture was pumped through the membrane pores and
contacted with catalytic active component, and then back to the
tank. For product analysis, small amounts of the solution were
taken from the sampling port of the tank every 5 minutes, and the
composition was analyzed by high performance liquid chromatog-
raphy (HPLC, Agilent 1200 series).
5. Establishment of Kinetics Model

The power function dynamic equation can reflect the influence
of the component concentration and the reaction temperature on
the reaction rate, and can simulate the experimental data more ac-
curately [23]. So the reaction rate of the p-nitrophenol reduction
can be described as the following equations:

(1)

(2)

where r is the reaction rate (mol·L1·min1), k is the reaction rate

constant, CA and CB are the concentrations of p-nitrophenol and
NaBH4 (mol·L1), a and b are the corresponding reaction orders,
Ea is the activation energy (kJ·mol1), T is the reaction temperature
(K), k0 is the pre-exponential factor, and R is the gas constant (kJ·
mol1·K1).

The initial rate method [24] was adopted to examine the initial
reaction rate of p-nitrophenol. Effects of various reaction condi-
tions on the reaction rate of p-nitrophenol were investigated, and
parameters of kinetic model were obtained through changing a series
of single factors such as the rotate rate of peristaltic pump, p-nitro-
phenol concentration, NaBH4 concentration and reaction tempera-
ture.

RESULTS AND DISCUSSION

1. Synthesis and Characterization of Catalytic Membranes
The diffraction peaks in the XRD patterns of catalytic mem-

branes are mainly attributed to the alumina ceramic membrane sub-
strate (Fig. S1). Compared to Pd/CM (Fig. S1(a)), in Pd/TiO2-CM
(Fig. S1(b)-(f)), three new diffraction peaks are observed at 2=
27.4o (major), 41.2o and 54.3o, which corresponds to the character-
istic diffractions of the (110), (111) and (211) planes of rutile TiO2

(JCPDS No. 21-1276), respectively [25,26]. No peak correspond-
ing to the (001) crystal facet is observed, which can be explained
as follows. In this work, TiO2 nanotubes grew vertically on the
ceramic membrane (Fig. 2), and the (001) crystal facet with high
energy was preferentially etched. On the other hand, the diffrac-
tion peaks of the ceramic membrane are very strong (Fig. S1). The
results indicate the successful functionalization of TiO2 nanotubes
on the ceramic membrane. The etching time has no obvious influ-
ence on the intensity, which may be correlation with the surface
energies of different facets of TiO2 nanorods. The surface energy
of the rutile TiO2 nanorods follows the sequence of (110)<(100)<
(101)<(001), and the facet with higher surface energy diminishes
faster for the minimization of the total surface energy [25,27]. There-
fore, the top (001) crystal facet with high energy is etched faster
than the (110) facet. Thus, the converting of TiO2 nanorods to nano-
tubes by a hydrothermal method can selectively etch the core and

rA   
dCA

dt
---------- 
    kCA

a CB
b

k  k0  
Ea

RT
------- 
 

 
 exp

Fig. 1. Experimental setup of flow-through catalytic membrane reac-
tor.

Fig. 2. Surface FESEM images of (a) Pd/CM, (b) Pd/TiO2-CM-0, (c) Pd/TiO2-CM-8, (d) Pd/TiO2-CM-12, (e) Pd/TiO2-CM-16, (f) Pd/TiO2-
CM-20.
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on CM, TiO2-CM-0, TiO2-CM-8, TiO2-CM-12, TiO2-CM-16 and
TiO2-CM-20 are 0.123, 0.142, 0.186, 0.187, 0.196 and 0.183 mg/
cm2 respectively. It is immediately apparent that the etching time
strongly affects the Pd loading, the Pd/TiO2-CM-16 has the high-
est content of Pd, and the trend coincides with the FESEM results
(Fig. 2). This indicates that the nanotube structure can effectively
enlarge the surface area of CM and provide more area for the load-
ing of Pd, thereby higher Pd content.

Fig. 5 provides the representative TEM images and the Pd par-
ticle size distribution of the power taken from Pd/CM and Pd/
TiO2-CM-16. The Pd particles are uniformly distributed on the TiO2

nanotubes-modified CM and exhibit a narrow size distribution

remain the sidewall of (110) face, thereby no significant change in
the major diffraction peak of TiO2 nanotubes under different etch-
ing time. There are no obvious characteristic diffraction peaks of
metal Pd in the XRD patterns. Two factors may cause this result:
one is that the size of Pd nanoparticles is too small, the other is the
immobilized Pd is highly dispersed on the CM [28].

Fig. 2 shows the morphology of TiO2 nanotubes on CMs with
different etching time. The bouquet-like TiO2 nanorods are fully
covered on the surface of CM, without large-area domains of CM
exposed (Fig. 2(a) and (b)). After acid etching treatment under
hydrothermal conditions for 8, 12, 16 h (Fig. 2(c), (d) and (e)), the
TiO2 nanorods are gradually transformed into hollow TiO2 nano-
tubes. It confirms that the corrosion rate along the core facet of
nanorods is faster than the inert sidewall [25]. As shown in the insert
of Fig. 2(e), the square columnar TiO2 nanotubes have smooth side
walls, and tube width, wall thickness and tube length are about 500-
800 nm, 50 nm and 4m, respectively. While the etching time is
increased to 20 h (Fig. 2(f)), the side walls of TiO2 nanotubes are
corroded, and so the nanotubes are partly damaged. Similar experi-
mental phenomena were found by Lv et al. [29] Herein, a suitable
etching time is 16 h for the formation of TiO2 nanotubes on the
ceramic membranes.

To confirm the successful loading of Pd on CM and investigate
the influence of TiO2 nanotubes on the Pd loading, SEM-EDS map-
ping was performed on two typical samples: Pd/CM and Pd/TiO2-
CM-16. In Fig. 3, element Pd is found to be present on the surface
of bare CM, but only in a small amount. However, the distribution
of Pd on the surface of Pd/TiO2-CM-16 is rather intensive and
uniform. Fig. 4 shows the Pd element distribution on the cross
section of Pd/CM and illustrates smaller amount of Pd compared
to Pd/TiO2-CM-16, meaning that more Pd is loaded in the pores
of the TiO2 nanotubes-modified CM. The results highlight that Pd
nanoparticles can be successfully deposited on the membrane sur-
face and inside the pores, and TiO2 nanotubes can significantly im-
prove the loading amount and dispersity of Pd on the CM.

ICP analysis was carried out to evaluate the actual loading amounts
of the six catalytic membranes. The actual loading amounts of Pd

Fig. 3. SEM pictures and EDS analysis of the distribution of elemen-
tal Pd on the surface of (a) Pd/CM and (b) Pd/TiO2-CM-16.

Fig. 4. SEM pictures and EDS analysis of the distribution of elemen-
tal Pd on the cross section of (a) Pd/CM and (b) Pd/TiO2-CM-
16.

Fig. 5. TEM images of the powder taken from (a), (c) Pd/CM, (b),
(d), (e), (f) Pd/TiO2-CM-16.
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with an average particle size of 3.8 nm (Fig. 5(b)). In contrast, Pd/
CM (Fig. 5(a)) has a larger average metal particle size (4.7 nm),
implying that TiO2 nanotubes grown on the CM are beneficial to
obtain Pd nanoparticles with better dispersity and smaller size. As
presented in Section 2.2, the catalytic membranes were synthesized
by immersing the CMs in a Pd nanoparticle colloid at 40 oC for
12h. Thus, during the synthesis of catalytic membranes, Pd nanopar-
ticles may have aggregated [30]. TiO2 nanotubes on the CM can
provide more surface area for the loading of Pd nanoparticles, and
roughen the surface of the CM to play the role of anchoring. There-
fore, in the loading process, the TiO2 nanotubes-modified CM might
effectively prevent the agglomeration of Pd nanoparticles and im-
prove their dispersion. Fig. 5(c) and (d) gives high-magnification
views of the power taken from the two catalytic membranes. Par-
ticles in two images both display a lattice spacing of 0.22 nm that
belongs to the (111) plane of the Pd phase [31], further confirm-
ing the successful loading of Pd nanoparticles. Fig. 5(d) shows a
lattice spacing of 0.32 nm that corresponds to the (110) plane of
rutile TiO2 [29], consistent with the XRD characterization (Fig. S1).
More interestingly, the TiO2 nanotubes have a V-shaped hollow struc-
ture and a rectangular cross-section, which is specially shown in
Fig. 5(e). The formation of V-shaped hollow structure might be
attributed to the decreasing concentration gradient of hydrochloric
acid along the etching direction and the further erosion of the ex-
posed sidewall [32]. Furthermore, it can be clearly observed from
Fig. 5(f) that the Pd nanoparticles can be immobilized on the inner
and outer surfaces of TiO2 nanotube, which may be responsible
for higher Pd content in Pd/TiO2-CM compared to Pd/CM.

Peaks corresponding to Al, O, Si, N and Pd are clearly found in
Pd/CM from the XPS spectrum (Fig. S2). The Al and O are from
CM, and the other three elements should be from the AAPTS and
Pd nanoparticles anchored on CM, verifying the successful modi-
fication of CM with AAPTS and the subsequent deposition of Pd
nanoparticles as presented in the Experimental section, in good
agreement with our previous work [33]. Note that a new Ti 2p peak
appears in the spectrum of Pd/TiO2-CM-16 compared to Pd/CM,
confirming the formation of TiO2 nanotubes on the CM (Figs. S1,
S2 and S5). Pd atomic contents of Pd/CM and Pd/TiO2-CM-16 are
1.05% and 1.46% respectively, further confirming that the TiO2 nano-
tubes can promote the amount of Pd loaded on the CM (Figs. 3
and 4). Two Pd species can be observed for the two catalytic mem-
branes (Fig. S3). The peaks detected at 335.4 and 340.5 eV can be
attributed to zero-valent Pd (Pd0), and the ones at 337.1 eV and
342.6 eV are assigned to divalent Pd (Pd2+) [34]. Pd/CM and Pd/
TiO2-CM-16 almost have the same ratio of Pd0. However, com-
bined with the total content of surface Pd atoms, Pd/TiO2-CM-16
has a higher loading amount of Pd0, which is beneficial for the
increase in catalytic activity as discussed below.
2. Catalytic Performance Evaluation

Catalytic reduction of p-nitrophenol was performed to investi-
gate the effect of the functionalization with TiO2 nanotubes on the
catalytic efficiency of catalytic membrane. Fig. 6 highlights that the
functionalization with TiO2 nanotubes can significantly enhance
the catalytic activity. For example, for Pd/TiO2-CM-16, the conver-
sion of p-nitrophenol can reach 57% in only 5 minutes and com-
plete reduction within 60 minutes. In contrast, with respect to Pd/

CM, only 31% of conversion at 5 minutes and 98% of conversion
at 60 minutes are achieved. Together with the foregoing characteri-
zation results, we can conclude that the functionalization of CM
with TiO2 nanotubes can provide more surface area for the load-
ing of Pd, and improve the loading amount and dispersity of Pd,
thereby increasing catalytically active sites and enhanced catalytic
activity.

The catalytic activity of Pd/TiO2-CM strongly depends on the
etching time of TiO2 nanorods. With increasing etching time, its
catalytic activity first increases, reaches the highest at an etching time
of 16 h, and then is reduced. Combined with the ICP results, the
catalytic activity of Pd/TiO2-CM cannot match well with the Pd
loading. For instance, the content of Pd in Pd/TiO2-CM-20 is less
than those of Pd/TiO2-CM-8 and Pd/TiO2-CM-12, but its activity
is higher. This phenomenon may be caused by the larger opening
TiO2 nanotube structure in Pd/TiO2-CM-20 (Fig. 2), which is ben-
eficial for the transfer of reactants to the surface of Pd nanoparti-
cles (Fig. 5), corresponding to higher reactivity. Thus, it is reasonable
to presume that suitable etching time of TiO2 nanorods is highly
important, which determines the Pd loading and the opening struc-
ture of nanotubes, thereby affecting the catalytic efficiency.

While we have demonstrated that Pd/TiO2-CM-16 has superior
catalytic activity, it is highly important to examine its recyclability
over multiple reaction cycles from the point view of practical applica-
tion. For comparison, the reusability of Pd-CM was also evaluated.
In detail, after the reaction, the catalytic membrane was recovered
simply by immersing in ethanol for 1 h, and then the recovered
catalytic membrane was reused in the next run. The ethanol solu-
tion was analyzed by HPLC, and the results suggest that a small
amount of p-aminophenol was adsorbed in the pores and nano-
tubes of the catalytic membrane during the reaction. Interestingly,
for Pd/TiO2-CM-16, the catalytic activity can almost be main-
tained even after five recycles (Fig. 7(b)), indicating Pd/TiO2-CM-
16 can preserve high catalytic activity toward p-nitrophenol reduc-
tion. Similar trend can be found with respect to Pd/CM, with only
3% deactivation. The results demonstrate that the as-prepared cat-
alytic membranes have superior catalytic stability in the reduction

Fig. 6. Reaction profile of catalytic reduction of p-nitrophenol over
different catalytic membranes.
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of p-nitrophenol to p-aminophenol, owing to the chemical bind-
ing of Pd nanoparticles on the membranes through the bridging
function of AAPTS [19,20].

To investigate the evolution of catalytic membranes after com-
pletion of the recycling reaction, the recovered catalytic membranes
were characterized by FESEM, EDS and TEM. The morphologies
of the recovered Pd/CM and Pd/TiO2-CM-16 are similar to the
fresh samples (Fig. S4), indicating that the ceramic membrane and
TiO2 nanotubes can maintain their structures during the reaction
cycles. Furthermore, on the basis of the results of the EDS analysis
(Fig. S5), a large number of Pd nanoparticles are still evenly dis-
tributed on the membrane surface, similar to the fresh ones (Fig.
3). Compared to the fresh samples (Fig. 5), slight increase in Pd

particle size after five catalytic reaction cycles is observed (Fig. S6),
which may be responsible for the slight deactivation (Fig. 7). Metal
nanoparticles with high surface energy tend to aggregate during
reactions, resulting in the deactivation of catalysts [30]. The results
further confirm the superior reusability of the as-prepared cata-
lytic membranes.
3. Kinetic Study

The developed Pd/TiO2-CM-16 exhibits superior catalytic per-
formance in the reduction of p-nitrophenol to p-aminophenol
(Figs. 6 and 7). To further evaluate its catalytic behavior, the kinet-
ics of the reduction of p-nitrophenol over Pd/TiO2-CM-16 was
studied.

Catalytic reduction of p-nitrophenol to p-aminophenol on the

Fig. 7. Change of catalytic activity with reaction cycle: (a) Pd/CM and (b) Pd/TiO2-CM-16.

Fig. 8. Dependence of initial reaction rate on the reaction conditions: (a) Rotation rate of peristaltic pump, (b) p-nitrophenol concentration,
(c) NaBH4 concentration and (d) reaction temperature (elementary reaction conditions: p-nitrophenol concentration 54 mmol/L,
NaBH4 concentration 286 mmol/L, reaction temperature 30 oC, rotation rate 50 rpm).
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catalytic membrane is a typical liquid-solid two-phase reaction. The
reactants need to flow through the membrane pores and react on
the surface of the Pd nanoparticles. Therefore, the reaction rate may
be affected by mass transfer resistance. The Pd nanoparticles in
Pd/TiO2-CM-16 have an average particle size of about 3.8 nm (Fig.
5(b)). The modified Thiele modulus is on the order of 1011 to 109,
much smaller than|n|1 (n is the total reaction order). Therefore,
there is no internal diffusion during the reaction according to the
Mears criterion [35]. Generally, the external mass transfer resis-
tance is directly related to the flow rate of the reaction solution. In
this work, in order to investigate the effect of the external diffu-
sion resistance, the initial reaction rate of p-nitrophenol was inves-
tigated under different rotation rates of peristaltic pump (40-70
rpm, in proportion of the flow rate), while the other reaction con-
ditions were kept constant. As shown in Fig. 8(a), with increasing
rotation rate, the initial reaction rate of p-nitrophenol first increases
and then remains almost steady when the rotation rate surpasses
50 rpm, suggesting that the influence of the external diffusion on
the reaction has been basically eliminated.

Interestingly, the initial reaction rate is independent of the in-
creased p-nitrophenol concentration within the experimental range.
The plot of lnCA against lnr is a horizontal line, as shown in Fig.
8(b). The results indicate that the order of the reaction to p-nitro-
phenol is 0. Fig. 8(c) shows that lnr depends linearly on lnCB and
the slope of linear equation is 0.42, manifesting the reaction order
with respect to NaBH4 is 0.42. So the total reaction order of the
reaction is 0.42, which is a significant difference from the reported
first-order reaction [36-38]. The molar ratio of NaBH4 to p-nitro-
phenol may be the cause of this difference. In our work, the molar
ratio is just 5.3, which is much smaller than the reported value
(>100).

The dependence of the reaction rate constant k on the reaction
temperature is described by the Arrhenius Eq. (2). The rate con-
stant k of the reaction within a temperature range of 20 to 50 oC is
calculated and summarized in Fig. 8(d). The plot of lnk vs 1/T can
be represented by a straight line. So the activation energy is 8.61
kJ/mol and the pre-exponential factor is 11.67 mmol0.58·L0.58·min1

on the basis of the slope and intercept of line. The calculated acti-
vation energy is much lower than those of the literature (36.72 kJ/
mol [39] and 20-70 kJ/mol [40]), implying that the p-nitrophenol
reduction can take place more easily on Pd/TiO2-CM-16 compared
to other catalysts. Smaller Pd nanoparticles, which can provide more
active sites and fast mass transfer ascribed to flow-through model
of catalytic membrane reactor, may be the causes of lower activa-
tion energy. For example, Pd nanoparticles in the PVDF compos-
ite membranes prepared by Wang et al. [39] were about 15-25 nm
in size, which was much larger than Pd nanoparticles (Fig. 5(b),
3.8 nm) in our research.

CONCLUSIONS

TiO2 nanotubes-functionalized ceramic membranes were suc-
cessfully fabricated and employed as the support of Pd nanoparti-
cles to synthesize highly efficient catalytic membranes. Pd nano-
particles with smaller size and higher content could be homoge-
neously precipitated on functionalized ceramic membranes. The pro-

duced catalytic membrane showed remarkable catalytic efficiency
for p-nitrophenol reduction with NaBH4 in the developed flow-
through catalytic membrane reactor, and there was no distinct de-
crease in catalytic activity after fifth cycle. The use of TiO2 nanotubes
to functionalize ceramic membranes appears to be a very promis-
ing approach for the fabrication of environmental friendly catalysts
with high activity and no additional separation processes.
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Fig. S1. XRD patterns of (a) Pd/CM, (b) Pd/TiO2-CM-0, (c) Pd/TiO2-
CM-8, (d) Pd/TiO2-CM-12, (e) Pd/TiO2-CM-16, (f) Pd/TiO2-
CM-20.

Fig. S2. XPS survey spectra of the powder taken from (a) Pd/CM,
(b) Pd/TiO2-CM-16.

Fig. S3. Pd 3d XPS spectra of the powder taken from (a) Pd/CM, (b) Pd/TiO2-CM-16.
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Fig. S4. Surface FESEM images of (a) Pd/CM and (b) Pd/TiO2-CM-16 after fifth cycle.

Fig. S6. TEM images of the powder taken from (a) Pd/CM and (b)Pd/TiO2-CM-16 after fifth cycle.

Fig. S5. EDS analysis of the surface of (a) Pd/CM and (b) Pd/TiO2-CM-16 after fifth cycle.
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