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Incorporating metal nanoparticles into polymer membranes can endow the membranes with additional functions. This work
explores the development of catalytic polymer membrane through synthesis of palladium nanoparticles based on the approaches
of intermatrix synthesis (IMS) inside surface functionalized polyethersulfone (PES) membrane and its application to liquid
phase reactions. Flat sheet PES membranes have been successfully modified via UV-induced graft polymerization of acrylic
acid monomer. Palladium nanoparticles have been synthesized by chemical reduction of palladium precursor loaded on surface
modified membranes, an approach to the design of membranes modified with nanomaterials. The catalytic performances of the
nanoparticle incorporated membranes have been evaluated by the liquid phase reduction of p-nitrophenol using NaBH, as a
reductant in flow-through membrane reactor configuration. The nanocomposite membranes containing palladium nanoparticles
were catalytically efficient in achieving a nearly 100% conversion and the conversion was found to be dependent on the flux,
amount of catalyst, and initial concentration of nitrophenol. The proposed mathematical model equation represents satisfactorily

the reaction and transport phenomena in flow-through catalytic membrane reactor.

1. Introduction

The concept of membrane reactors (MRs), combining a
membrane-based separation with a catalytic chemical reac-
tion in one unit, dates back to the 1960s [1]. Since then, MRs
played an important role in improving selectivity and yielding
and enhancing conversion for thermodynamically limited
chemical reactions in many chemical processes of industrial
importance. In recent years, many approaches have been pro-
posed to combine membrane properties with chemical reac-
tion in order to intensify a process. These include extractor
type, distributor, and contactor type. Depending on the type
of membrane reactors, the membrane performs different
functions [2, 3].

(1) Extractor Membrane Reactors. One of the products is
continuously and selectively removed from the reaction

mixture by the membrane. If the reaction is limited by the
thermodynamic equilibrium, the conversion can be increased
by removing one of the product components, so that the
equilibrium shifts towards the desired product side [4, 5]. If
the reaction rate of the undesired secondary reaction is higher
than that of the primary reaction, the reaction selectivity can
be significantly enhanced by removing the desired intermedi-
ate species. Particularly, the advantage of selectively removing
the valuable product lies in avoiding further separation
steps or reducing the separation units by increased product
concentrations. Furthermore, if one of the products has
inhibition effect, as in case of some fermentation, remov-
ing this product strongly improves the reactor productivity

[6].

(2) Distributor Membrane Reactors. In this type of MR, one
of the reactants is specifically added to the reaction mixture
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across a membrane. The membrane can act as even distribu-
tor of the limiting reactant along the reactor to prevent side
reactions and as upstream separation unit to selectively dose
one component from a mixture. Controlled addition of oxy-
gen in gas-phase partial oxidation of hydrocarbons in which
the intermediate product reacts more intensively with oxygen
than the reactants, in order to prevent total oxidation [7, 8],
is the main application of this category of membrane reactor.

(3) Contactor Membrane Reactors. In this configuration, the
reacting species are fed at different sides of the membrane and
must diffuse through the catalytic layer to react. Therefore,
the role of the membrane is to provide an interfacial contact
area for the reacting streams but does not perform any selec-
tive separation. The two sides of membranes are used to bring
reactants into contact and if the reaction rate is fast compared
to the diffusion rates of the reactants, the reaction occurs in
the catalytic layer in a way that prevents mixing of reactants.
Due to higher surface area of membranes, a contactor mode
can provide higher contact area between two different phases.
Particularly, if one phase has lower solubility in the other
phase, higher surface area contact between these phases can
decrease the need of higher pressure that could have been
applied to lower soluble component. Gas/liquid contactors
and flow-through membrane reactors are important class of
membrane contactors.

In flow-through catalytic membrane reactor (FTCMR)
configuration, unselective porous catalytic membrane, either
inherently catalytic or being made catalytic by impregnation
of nanocatalysts, is applied in dead-end mode operation. The
premixed reactants are forced to pass through the catalytic
membrane. The function of the membrane is to create a
reaction environment with intensive contact between the
reactants and catalyst with short and controlled residence
times and high catalytic activity. The main drawback in
classical fixed-bed reactors is that the desired conversion is
mainly limited by the pore diffusion. However, if reactants
can flow convectively through the catalyst sites, the resulting
intensive contact between reactants and catalyst can result
in a high catalytic activity [9, 10]. Besides, this can avoid
the problems derived from internal or external mass transfer
resistance that may appear in a conventional fixed-bed
reactor. In FTCMR, the reactants flow convectively through
the membrane to catalyst sites, which in turn results in
an intensive contact between the reactants and the catalyst,
thereby leading to higher catalytic activity with negligible
mass transport resistance. Furthermore, the introduction of
convective flow can avoid undesired side reactions [1, 10].

Catalytic membranes (CMs), either inherently catalytic
or being made catalytic by impregnation of nanocatalysts,
are known for more than a decade. In spite of this fact,
the development of CMs is still a major challenge. Majority
of the catalytic membranes used in industries are inorganic
(either ceramic or metal); for that reason, they can withstand
harsh reaction conditions (high temperature, pressure, con-
centration, and corrosive chemicals). The main drawbacks of
such CM materials are high cost and frangibility [5]. Because
polymers are less expensive and more flexible than ceramics
and metals, it is possible to use them in CM development
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instead of high cost metals and ceramics. However, majority
of the polymers are only suitable for mild operation condi-
tions. For this compensation, high reactive catalysts should be
impregnated inside the polymer membrane matrix. In such
cases, active catalysts can compromise the demand of higher
temperature. Therefore, stabilization of active catalysts by
encapsulating inside polymer membranes can help to boost
and enhance the drawbacks of polymer membranes.

Metal nanoparticles (MNPs) have shown a great potential
in different catalytic processes and are well known for their
higher catalytic performances. Particularly, MNPs of transi-
tion metals are found to be efficient and selective catalysts
for several types of catalytic reactions. This is due to higher
percentage of surface atoms and associated quantum effects.
However, metal nanoparticles lack chemical stability and
mechanical strength. They exhibit extremely high pressure
drop or head loss in fixed-bed column operation and are
not found suitable for such systems [11]. Also, MNPs tend
to aggregate; this phenomenon reduces their high surface
area to volume ratio and subsequently reduces effective-
ness. By appropriately dispersing metal nanoparticles into
surface functionalized polymer membranes, many of these
shortcomings can be overcome without compromising the
properties of nanoparticles. Immobilizing MNPs on polymer
membrane support, besides providing a mechanical strength,
it offers an option to maintain their catalytic activities by pre-
venting unnecessary growth and aggregation. Moreover, cat-
alytic application of MNPs is the best alternative to efficiently
utilize most expensive metals. Immobilization of MNPs on
polymer membrane support is therefore best strategy to
overcome the drawbacks of both polymers and MNPs [12].
The use of functionalized polymer membrane as a support
and stabilizing media enables synthesizing nanocatalysts at
the desired “point use” and will result in formation of catalyt-
ically active polymer membrane. Encapsulation of MNPs in
polymers membranes offers also unique possibilities for
enhancing accessibility of catalytic sites to reactants [13, 14].

In this research, we developed catalytic polymer mem-
brane for liquid phase reactions by surface modification of
flat sheet PES microfiltration membrane using UV-induced
graft polymerization and synthesizing of stable palladium
nanoparticle via intermatrix synthesis method inside surface
functionalized PES membranes. The catalytic performance
of the membrane was evaluated using reduction of p-nitro-
phenol (NP) as a model for liquid phase reaction.

2. Materials and Methods

2.1. Materials. The following chemicals and materials
were used during the experiment: acrylic acid (AA), N-
methyl-2-pyrrolidone (NMP), polyvinylpyrrolidone powder
(PVP, M,, = 29,000), casting knife, acrylic acid (AA),
N,N'-methylenebisacrylamide,  4-hydroxybenzophenone,
and tetra-ammine palladium(II)chloride monohydrate. All
compounds have been used without any purification and
solutions were prepared with deionized water.

2.2. Membrane Preparation. Flat sheet PES microfiltration
membranes were prepared via nonsolvent induced phase
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separation (NIPS) using a solution containing polyether-
sulfone (18% wt) as polymer and N-methyl-2-pyrrolidone
(62% wt) as solvent and polyvinylpyrrolidone (PVP 20% wt)
as a pore former. The solution was casted using a casting knife
with 350 ym thickness and is precipitated in a coagulation
water bath at 18-20°C.

2.3. Membrane Functionalization. Flat sheet PES microfil-
tration membranes were immersed for 3 minutes in 30 ml
aqueous solution of AA monomer (25 wt%). After the immer-
sion, samples were grafted using a simple photografting
setup, containing quartz UV lamp. Exposure time was (5-20)
minutes. Distance from the light source to the sample was
adjusted to a minimum 6 cm, in order to avoid a possible heat
up of the membrane. After grafting, samples were washed
with deionized water in order to remove unreacted monomer.
Dried samples were taken for surface analysis surface using
attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR, Thermo-Nicolet Nexus)

2.4. Precursor Loading and Intermatrix Synthesis of Pd-
Nanoparticles. The synthesis of Pd-NPs inside the func-
tionalized flat sheet PES polymer membrane matrix was
carried out via intermatrix synthesis (IMS) method with
procedures consisting of the following: (1) palladium salt
[Pd(NH;),Cl,] which wasloaded to the functionalized mem-
brane which enables cation exchange between carboxylic
groups of functionalized PES with [Pd(NH,),]*" ions to took
place and (2) subsequent chemical reduction by 0.1 M NaBH,,
solution: the cation exchange was performed by submerging
grafted membrane in to palladium precursor solution (0.01 M
Pd(NH,),Cl,) over night at room temperature. The synthesis
can be summarized by the following sequential equations of
ion exchange ((1) and (2)) and chemical reduction ((3) and
(4)) [13]:

(1) 2R-COO"H* +  [Pd(NH,),]*" 8
COO"),[Pd(NH,),]*" + 2H"

(2) (R-COO"),[Pd(NH,),] + 2Na* — 2(R-COO™)Na +
[Pd(NH,),]*

(3) [PA(NH,),]** + 2BH,” + 6H,0 — Pd’ + 7H, +
2B(OH), + 4NH,

(4) [Pd(NH;),]*" + 2¢” — Pd® + 4NH,

2.5. Palladium Content Measurement. The amount of palla-
dium nanoparticle loaded to the functionalized membrane
was determined by using inductively coupled plasma optical
emission spectrometry (ICP-OES, Ultima 2, Horoba Jobin
Yvon). 1cm? sample of Pd loaded membrane was dissolved
in aqua regia, which is a highly corrosive mixture of acids, for
two days. The acid mixture was prepared by freshly mixing
concentrated nitric acid (65%) and hydrochloric acid (35%)
in a volume ratio of 1:3. It was then diluted in ultra-pure
water so as to analyze in ICP.

2.6. Catalytic Performance Evaluation. The catalytic perfor-
mance of Pd loaded flat sheet PES membrane was evaluated
by the reduction of p-nitrophenol to p-aminophenol with
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F1GURE 1: FTCMR experimental setup.

NaBH, in FTCMR setup shown in Figure 1. The reduction
of p-nitrophenol in the presence of nanoparticles has been
frequently used previously in order to evaluate the catalytic
activity of different metal nanoparticles immobilized on
membranes [15-17]. In addition, this reaction has been used
to test the catalytic activity of metal nanoparticles immobi-
lized in other carrier systems like core-shell. Previous work
demonstrated that p-nitrophenol is reduced to aminophenol
only in the presence of the catalyst; no reaction takes place in
the absence of the nanoparticles [15].

In FTCMR configuration shown in Figure 2, a solu-
tion containing different concentrations of a mixture of p-
nitrophenol and NaBH, was forced to pass through the
membrane. An excess of NaBH, was used, so that the kinetics
can be assimilated to a pseudo first order in terms of con-
centration of p-nitrophenol. The progress of the reaction was
monitored by measuring the concentration of p-nitrophenol
using UV-visible spectroscopy at (A = 400 nm).

2.7. Mathematical Modeling. Convective mass transport is
taking place in FTCMR, because there exists transmembrane
pressure difference between the two sides of membrane, so as
to enforce the reactants to pass through. In some membranes,
such as nanofiltration membrane, the presence of convective
flow by pressure difference enhances the diffusive driving
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FIGURE 2: Scheme of one-dimensional mass transport across cat-
alytic layer in flow-through membrane reactor (red particles are
the catalysts, and C,, and C, are initial and final concentration of
reactant A, resp.).

force. Hence investigating combined effect of the diffusive
and convective flows is important in surface functionalized
polymer membranes. The model takes into account simulta-
neous transport by convective and diffusive mass flow with
chemical reaction. Emin et al. [17] have clearly shown that
palladium nanoparticles have been only immobilized on the
grafted poly (acrylic acid) layer. Analyzing the sample using
energy-dispersive X-ray spectroscopy (EDX) showed that
NPs were not found deep in the support membrane. This fact
is considered here in modeling FTCMR.
The following assumptions are considered [18].

(i) Reaction occurs uniformly at every position within
the catalyst layer.

(ii) Transport of reactants through the catalyst layer
occurs both by diffusion and by convection. However
the diffusion term does not contribute much to
permeate flow rate.

(iii) Chemical reaction occurs on the interface of the
catalytic particles so that the diffusion inside the dens
nanoparticle is negligible.

(iv) The concentration changes only across the catalytic
membrane layer (0.198 ym, from SEM measurement)
and nanoparticles are immobilized and stabilized on
the grafted layer.

The differential mass transport across a reactive membrane
layer with constant transport parameters through combined
mass transport with chemical reaction, which is represented
in Figure 2, can be described by a continuity equation for
Cartesian coordinate system. For reactant species A [18],

X, . 0X, . 9X, aXA>
C 1% V.
(at+xax+yay * 3z
’*x, X, 09X, w
= C * D ax2 + ayz + aZ2 + rA’
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where C is the concentration, X , is molar fraction, D is the

diffusion coefficient in the membrane (m?*/hr), r, is rate of

reaction, and V is the convective velocity (m/hr) through the

membrane. For steady state system with a convective flow in
x direction, the above equation becomes

2

ACa _pdCa 2)

dx dx?

For pseudo first-order reaction, r, = —K,,, * C,, where K,
is the apparent kinetic constant and C 4 is the concentration

of reactant A. Substitution of rate of reaction to (2) gives

DdZCA - & -

dx? * dx

app * CA =0. (3)

Defining and introducing the dimensionless length epsilon
(€) = x/8, whose value varies from 0 to 1, where 8 is catalytic
membrane layer (0.198 ym) and x is the catalytic layer at any
distance, substituting to (3) gives

dZCA _ V x 8 " dCA _ Kapp62

C,=0. (4)
de? D de D 4

Two dimensionless groups’ Peclet number (P,) and reaction
modulus (0%) are defined and inserted to (4), where

p,- V%6
D
5 (5)
0’ = Kan®”
D

The diffusion coefficient was predicted based on the variation
of the actual measurement taken from the filtration unit and
a model prediction that ignores the diffusion term (as if the
entire process was controlled by the convective flow). The
solution of (4) is

Cy [ Pee ]

— 2 = exp -

Cao 2
(6)

sinh (¢ (1 - €)) * Pe/2 + @ cosh [¢ (1 — ¢)]
' (Pe/2)sinh ¢ + ¢ cosh ¢

where ¢ = \[(P,%/4 + 0?).

We can predict the concentration distribution at the end
of the membrane (¢ = 1), as function of initial concentra-
tion (Cyy), Peclet number, and reaction modules with the
following equation [18]:

& N @ * exp (Pe/2)
Cyuo (Pe/2)sinh¢ +¢coshe’

7)

3. Results and Discussion

3.1. Membrane Surface Functionalization. Both unmodified
PES and the UV-induced modified flat sheet membranes were
characterized by ATR-FTIR. Figure 3 shows the spectra of the
unmodified and modified membranes with AA monomer. As
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FIGURE 3: The ATR-FTIR spectra of unmodified and modified PES
flat sheet membranes using UV grafting of AA (25 wt%) at 20 min
UV batch irradiation time.
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FIGURE 4: The ATR-FTIR spectra of the (a) unmodified flat sheet
PES membrane and modified membranes using UV-induced graft-
ing with (25 wt% AA); (b) 20; and (c) 15 minute UV irradiation time,
respectively.

can be seen, UV-induced grafted membranes exhibit different
ATR-FTIR spectra than the unmodified one. In addition to
the typical PES bands of the unmodified membrane, the
IR spectra of modified membrane show additional peak at
1720 cm ™', which corresponds to the carbonyl (C=0) group
bands of COOH, which indicates the existence of poly(acrylic
acid) chains [19] and assured that the monomer is successfully
polymerized on the substrate PES. Also, with UV modifica-
tion, some original absorbance peak intensity is decreased
that can be contributed to increase coverage of the PES
surface by poly(acrylic acid).

Apart from this, as can be seen from FTIR spectra of
modified membrane in Figure 4, the intensity of the new
peak at 1720 cm ™ increases with photografting reaction time
which corresponds to the energy received during graft poly-
merization. The more the energy received by the monomer,
the higher the degree of modification. In addition to the
new absorption peak corresponding to the carbonyl group
(C=0) of COOH, there are also other new small absorbance
peaks appearing at 1625, 1605, and 1535 cm ™" for the modified

0.8

074 o :
0.6 o ,
0.5 4 oo ,
S :
034 S :
024 g : S :
0 - . . . :
6 10 12 15 20

Grafting time (min)

Palladium amount (mg)

FIGURE 5: Palladium amount per membrane (15.2 cm?) versus
grafting time.

membranes. The small absorbance peak for the AA-modified
membranes at these regions attributed to the presence of
additives such as PVP in the original casting solution and
cross linker in the monomer solution, as reported by Rahim-
pour [20] and Bernstein et al. [21]. Also, the disappearance of
the original peaks at 1640-1680 cm™" for the modified mem-
branes indicates that the modification was successful.

Membranes grafted at different times were used to synthe-
size Pd nanoparticle. ICP analysis in Figure 5 showed that the
weight of Pd loading is increasing with grafting time (energy
received). These data are in agreement with expected and
FTIR results. At higher energy, the intensity of the modified
functional group was stronger which can lead to better cation
exchange with Pd precursor and thus higher Pd amount from
the reduction.

3.2. Catalytic Performance Evaluation. The effect of the
nitrophenol concentration in the feed on the conversion
was investigated using different feed concentrations and the
same amount of Pd at a room temperature. A closer look at
Figure 6 clearly shows the effect of initial p-NP concentration
on conversion. The conversion is higher for the lower p-
NP initial concentration. In all of initial p-NP concentration
ranges (i.e., 0.033-0.128 mM), the same trend was obtained,
which strongly indicates that reaction on Pd nanoparticle is
highly active dependant surface. For the same catalyst loading
and permeate flux (i.e., approximately the same residence
time and applied pressure within a membrane), the catalytic
activity of membranes with lower initial concentration was
higher than that of higher initial p-NP concentration.
Furthermore, the inverse proportionality of p-NP con-
version with permeate flux confirmed that our Pd loaded
membranes were not mass transfer limited; rather it was
reaction limited. If membranes were mass transfer limited,
we would not observe a decrease of conversion with increased
fluxes. As the applied pressure in flow-through mode enforces
reactants to have an intensive contact with catalyst, the
reaction at the surface of the catalyst is the main limitation
to such system. As a result of increasing pressure (flux),
reactants permeate through the membrane without reacting;
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hence the conversion decreases. Similar results were reported
by Dotzauer et al. [22] and Crock et al. [23].

Figure 7 shows the experimental plot points and model
predictions according to the model equation (7) developed
and it confirms well to a simple first-order kinetic model
of the reaction. The proposed mathematical model equation
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Fi1GURE 8: Simulation of conversion versus convective flow (Peclet
number) at different values of reaction modulus.
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FIGURE 9: Simulation of concentration distribution across the
catalytic layer at different values of reaction modulus as function of
membrane thickness.

represents satisfactorily the reaction and transport phenom-
ena in flow-through catalytic membrane reactor. From the
same figure, it can be concluded that both convective and
diffusive transport through the catalytic membrane layer
contributed to the catalytic activity of the nanoparticle.

In order to understand better and check the effect of
different parameters, simulations of the FTCMR were per-
formed using Wolfram Mathematica 7, at different process
parameters such as Peclet number (Pe), reaction modulus
(0%), catalytic membrane layer thickness (8), and concentra-
tions.

Simulation results of Figures 8 and 9 showed the effect
of different process parameters such as Peclet number (Pe),
reaction modulus (0%), and catalytic membrane layer thick-
ness (8) on the outlet concentrations of the reactant.

4. Conclusion

In this work, surface modification of polyethersulfone mem-
brane by UV-assisted grafting polymerization of acrylic



International Journal of Chemical Engineering

acid has been successfully done. Catalytically active and
efficient Pd nanoparticle has been synthesized via intermatrix
synthesis. As a model for liquid phase reaction, its catalytic
performance was investigated by the reduction of aqueous p-
nitrophenol to p-aminophenol with sodium borohydride as
reductant. The catalytic activity of Pd embedded membrane
was shown to be directly proportional to the palladium
content in the nanocomposite. The catalytic activity of flow-
through reactor for reduction of nitrophenol outperformed
the batch mode of operation, as it was demonstrated by
conversion comparison at the same initial nitrophenol con-
centration and weight of catalyst. This was attributed to
the convective flow of reactants directly to the catalyst sites
which can provide an intensive contact. An important asset in
application of catalyst embedded membrane is the possibility
of varying the flux to control the conversion. At lower
and moderate range of fluxes, a complete conversion was
achieved in FTCMR, but an increase in the flux decreased the
conversion, because of insufficient contact time. The effect of
initial nitrophenol concentration at the same flux and catalyst
has been investigated. In all concentration ranges taken, a
lower initial concentration had higher conversion, as higher
concentration poses surface coverage of the catalyst. Further
investigation of p-nitrophenol reduction reactions related to
porosity of the grafted layer has to be done. The proposed
mathematical model equation represents satisfactorily the
reaction and transport phenomena in flow-through catalytic
membrane reactor.
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