
A Bipolar CdS/Pd Photocatalytic Membrane for Selective
Segregation of Reduction and Oxidation Processes
Federica Costantino, Luca Gavioli, and Prashant V. Kamat*

Cite This: ACS Phys. Chem Au 2022, 2, 89−97 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A photocatalytically active bipolar membrane consisting of a CdS photocatalyst
and Pd electrocatalyst has been constructed to carry out environmentally relevant oxidation
and reduction processes. The ion exchange property of a bipolar membrane (BPM) has
allowed us to load the CdS photocatalyst on one side and Pd electrocatalyst on the other side.
By inserting the photocatalytic BPM-CdS/Pd membrane between the two compartments of an
H-cell, we can separate the reduction and oxidation processes. Following visible light
excitation of CdS in the BPM-CdS/Pd membrane, we can induce vectorial electron transfer
from CdS to Pd and to an electron acceptor (4-nitrophenol). The holes generated at CdS are
scavenged by ethanol or 4-chlorophenol. The photocatalytic reduction rate dependence on the
Pd loading in the membrane as well as its effect on modulating the rates of electron and hole
transfer processes are discussed. The design of a semiconductor and metal loaded membrane
paves the way for improving selectivity and efficiency of photocatalytic processes.
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■ INTRODUCTION

Bipolar membranes, which have the capability of selective
exchange of cations and anions, have been the topic of many
recent investigations in electrocatalysis and photocatalysis.1−10

In the majority of these examples, the membrane separates the
anode and cathode compartments and thus allows for effective
separation of products. Photocatalyst-loaded bipolar mem-
branes have facilitated unassisted water splitting under
photoirradiation.3,4,11−13 The membrane-based assemblies
that support gas diffusion electrodes in particular are at the
heart of hydrogen fuel cells.14,15 The same strategy of
designing a membrane assembly with supported electro-
catalysts in gas diffusion electrodes has been employed in a
CO2 reduction reaction.1,2,8 Typically, a cation exchange
membrane (e.g., Nafion) is employed to selectively transport
protons across two compartments. A single-pass CO2
conversion Faradaic efficiency of 85% for C2 products using
a modified cation exchange membrane has been reported
recently.16

Cation- or anion exchange membranes transport cations or
anions selectively when used as a separator between two
electrochemical (or photocatalytic) compartments. Mem-
branes such as Nafion have a high degree of SO3

− moieties,
which selectively bind cations, while repelling anions. On the
other hand, bipolar membranes consist of two fused polymeric
films capable of exchanging cations and anions separately. This
unique feature allows the bipolar membrane to dissociate water
molecules within the assembly as H+ and OH− ions with a pH
difference as high as 10.3,17 This property in turn allows an
internal membrane potential of ∼600 mV to drive a

photocatalytic or electrocatalytic reaction near the membrane
surface. Bipolar membranes have been successfully employed
to support electrocatalysts in the water splitting reaction.4,5

Recent efforts have focused on the development of gas
diffusion electrodes separated by BPM, for conducting CO2
reduction with a continuous flow.8,16,18

Another interesting feature of an ion-exchangeable mem-
brane is its ability to exchange with metal cations or anionic
complexes. For example, Cd2+ ions can be easily embedded
into Nafion by simply immersing in an aqueous solution. If this
Cd2+-loaded Nafion film is exposed to a sulfur (or selenium)
source, one can readily make CdS (or CdSe) nano-
particles.19−21 The void spaces (of 10−100 nm) within the
Nafion film allow the size control of CdS nanoparticles in the
quantized domain. Such semiconductor-loaded Nafion films
have been extensively studied to explore their photocatalytic
properties.22−24 Although the demonstration of integrated
chemical systems with CdS-loaded Nafion was elegantly
demonstrated in photocatalysis in the 1980s,22 the use of
such photocatalytically active membranes in other photo-
catalytic applications remains rather limited.25 In a recent
study, we have demonstrated that semiconductor (CdS) and
metal (Au) nanoparticles can be selectively loaded in a bipolar
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membrane to create a photocatalytically active membrane.10

The vectorial electron transfer across the photocatalytic
membrane was confirmed from the excitation of CdS in the
cation exchange layer (CEL) compartment and reduction of a
methyl viologen radical in the anion exchange layer (AEL)
compartment. Such a photocatalytic membrane can further aid
in the remediation of organic pollutants.26,27 We have now
designed a CdS-Pd-based bipolar membrane to carry out
selective reduction and oxidation processes. The design and
properties of this photocatalytic membrane are discussed here.

■ EXPERIMENTAL SECTION

Chemicals and Materials

Sodium chloride (NaCl, >99%), sodium azide (NaN3, >99%), methyl
viologen dichloride (MV2+, 98%), 4-nitrophenol (4-NP, 99%), and 4-
chlorophenol (4-CP, 99%) were purchased from Sigma-Aldrich and
used without purification. Ethanol (CH3CH2OH, 99%) was
purchased from Kopatec. Thioacetamide (C2H5NS; TAA, 99.4%),
cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O, 99.99%), and tetra-
ammine palladium chloride (Pd(NH3)4Cl2, >99%) were purchased
from Fisher Scientific. The bipolar membrane (BPM, PEEK
supported) was purchased from Fuel Cell Store.

Characterization Methods

The absorption spectra were recorded using a Varian Cary 50 Bio
UV−visible spectrometer. Pulse voltammetry was performed using a
Gamry PCI 4750 in two-electrode cell setup, using Pt foil as a working
electrode and Ag wire as a reference electrode. A 300 W Oriel xenon
lamp was used as a light source along with a water filter (13 cm
length) to remove infrared contributions. Long-pass filters were used
for the different irradiation experiments to select the desired
wavelength in the visible region. The cross-sectional SEM images
were acquired with a Helios G4 Ux (FEI) at 5 kV. The samples were
coated (Leica EM ACE600 sputter coater) with a 5 nm-thick carbon
layer, to improve the electrical conductivity.

Fabrication of BPM-CdS

The bipolar membrane (initially soaked in 1 M NaCl and 100 ppm
NaN3 to exchange Na+ ions) was cut in small pieces (2 cm × 2 cm2).
The film immersed in DI water was sonicated for 30 min and then
copiously cleaned with DI water. The BPM was soaked in 0.5 M
Cd(NO3)2 solution for 10 h to allow the adsorption of Cd2+ ions
inside the pores of the cation exchange layer (CEL) side of the BPM.
The membrane was rinsed with DI water and placed between the two
compartments of the H-cell along with O-ring seals and clamps. The
compartment facing the CEL side of the BPM was filled with 3 mL of
TAA (0.5 M), while the AEL side was kept empty. The H-cell was
placed in a preheated water bath at 90 °C for 1 h. At this temperature,

TAA releases sulfur resulting in the formation of CdS, as reported in
our previous study.10

Fabrication of BPM-CdS/Pd
The BPM/CdS membrane was thoroughly washed with water to
remove any adsorbed ions in the surface. The BPM/CdS was inserted
in the middle of the H-cell; the AEL side was exposed to 0.01 M
solution of Pd(NH3)4Cl2·H2O. The dissolved Pd(II) complex species
can have various analogues including negatively charged species such
as [PdCl(NH3)OH]

−.28 The adsorption time was varied starting from
5 to 120 min to achieve different loadings (see Table S1 in the
Supporting Information for estimation of Pd(II) loading in the AEL
layer). The BPM/CdS/Pd(II) film was washed with DI water to
remove any adsorbed ions on the outside surface of the membrane
and inserted in the H-cell. The CEL side of the compartment of the
H-cell contained ethanol, while the AEL compartment contained
water. Solutions were purged with N2 for 30 min. The CEL side of the
H-cell was irradiated for 60 min with a xenon lamp, using a cutoff
filter (λ > 390 nm) in order to promote the growth of Pd in the AEL
side of the membrane.

Photocatalytic Experiments Using BPM-CdS/Pd
The photocatalytic activity of the BPM-CdS/Pd membrane was
monitored by measuring the change in solution absorbance upon
irradiation of the H-cell. The BPM-CdS/Pd membrane was
introduced between the arms of the cell. Solutions of probe
molecules, such as methyl viologen (MV2+), 4-nitrophenol (NP),
and 4-chlorophenol (CP), were employed to establish the photo-
activity of the membrane; the details can be found in the main text.
Additional details of the photocatalytic setup and other tests are
included in the Supporting Information.

The rate constant of the photodegradation process (k, min−1) is
calculated by fitting the experimental data with the pseudo-first-order

kinetics model expressed in the equation = ktln A
A

0 , where A0 is the
initial concentration of the probe species and A is the concentration of
the solutions at time t during the photocatalytic process.

The degradation efficiency (%) is calculated using the following
equation:

=
−

×
C C

C
degradation efficiency (%) 100%0

0

■ RESULTS AND DISCUSSION

Designing a Photocatalytically Active Bipolar Membrane
(BPM)

The ability to exchange cations and anions selectively in two
parts of the bipolar membrane has allowed us to synthesize
semiconductor and metal nanoparticles within the pores of the
membrane. In the present study, we prepared a photocatalyti-

Figure 1. Synthetic steps involved in preparing a photocatalytic bipolar membrane. The schematic diagram illustrates key steps of loading the CdS
photocatalyst in the CEL side (Steps 1−4) and Pd electrocatalysts on the AEL side (Steps 5−8) of the bipolar membrane.
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cally active BPM by exchanging Cd2+ in the cation exchange
layer (CEL) and Pd(II) in the anion exchange layer (AEL).
The schematic illustration of synthesis of CdS-Pd bipolar
membrane is presented in Figure 1, based on our earlier
demonstration of preparing aC dS-Au photocatalytic mem-
brane.10 The Cd2+-loaded bipolar membrane was first
transformed into CdS by reacting with thioacetamide (Steps
1−4 in Figure 1). To form Pd nanoparticles within the BPM,
we then reduced Pd(II) in the AEL by exciting CdS (CEL)
with visible light in a H-cell. The excitation of CdS generates
electrons and holes within the film. As the holes are scavenged
by ethanol, the electrons are transported to the AEL and
reduce (PdCl4)

2− ions (Steps 5−8 in Figure 1). The overall
processes leading to the formation of CdS and Pd in the two
parts of the BPM are expressed in reactions 1 and 2.
Part 1

‐ + → ‐+ + +CEL Na Cd CEL Cd2 2 (1a)

‐ + → → ‐+CEL Cd thioacetamide CEL CdS2 (1b)

Part 2

‐ + → ‐−AEL Cl Pd(II) AEL Pd(II) (2a)

‐ + ‐ → → ‐ + ‐AEL Pd(II) CEL CdS (e) AEL Pd CEL CdS0

(2b)

The formation of CdS in the CEL and Pd in the AEL can be
visualized through color changes as shown in the photographs
of the membrane following the two-part synthesis (Figure 2A).
The changes in the absorption spectra are shown in Figure
2B,C. The CdS nanoparticles formed within the pores of the
membrane exhibit an absorption onset around 490 nm (or
2.53 eV), which is close to the bandgap energy of the bulk
semiconductor (Eg = 2.42 eV). Similarly, the formation of Pd

in the AEL is marked by the broad absorption in the visible
range. Because of the strong absorption and scattering effects,
the absorption spectra of the Pd-loaded film could not be
analyzed. It is interesting to note that these spectral features
confirm the loading of the semiconductor and metal
nanoparticles within the pores of the membrane.
Figure 3 shows the cross-sectional SEM image of the BPM-

CdS/Pd membrane at two different magnifications. The overall
thickness of the membrane is ∼100 μm with two distinct layers
loaded with CdS and Pd nanoparticles. The particle
morphologies of these two layers enable distinction between
the CEL and AEL of the BPM. The elemental analyses of these

Figure 2. (A) Color change of the BPM associated with the formation of CdS in the CEL (left) followed by 10 and 60 min irradiations to produce
Pd nanoparticles in the AEL (right). (B) Absorbance spectra of BPM-CdS following the exposure of the Cd2+-loaded CEL layer to thioacetamide.
(C) Absorbance spectra of BPM-CdS/Pd(II) recorded during the growth of Pd nanoparticles in the AEL side. The CdS in the BPM was excited
with visible light to provide photogenerated electrons for Pd reduction (with holes scavenged by ethanol in the H-cell).

Figure 3. Cross-sectional image of the BPM-CdS/Pd membrane. (A,
A′) CEL at two different magnifications showing the CdS particles
and (B, B′) AEL loaded with Pd particles at two different
magnifications. Additional images and elemental analysis are included
in the Supporting Information, Figures S1 and S2.
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particles and other cross-sectional image of the blank film are
included in the Supporting Information (see Figures S1 and
S2). From Figure 3A′, we estimate that the CEL consists of
70−100 nm diameter CdS nanoparticles (the size distribution
analysis is reported in Figure S3). The Pd particles loaded in
the AEL on the other hand exhibit both particle- and rod-like
structures (Figure 3B′). These images provide a glimpse of
photocatalysts and Pd nanoparticles embedded in two separate
layers of the bipolar membrane. The elemental analysis images
show a relatively small fraction of Pd and CdS nanoparticles in
the opposing sides (viz., CEL and AEL sides, respectively).
Such crossover effect, if any, should be beneficial in
maintaining the continuity for shuttling electrons between
excited CdS and Pd nanoparticles.

Optimization of Pd Loading in the AEL

In order to optimize the photocatalytic membrane, we wanted
to vary the concentration of photocatalysts and metal catalysts.
For CdS loading, the NaN3/NaCl-treated membrane was
soaked in Cd2+ solution overnight. This procedure allowed us
to maximize the concentration of CdS in the photocatalytic
BPM so that we can capture incident photons. We varied the
concentration of Pd(II) in the AEL before subjecting it to
photocatalytic reduction. The concentration was varied by
soaking the CdS-loaded BPM in Pd(NH3)4Cl2 solution for
several different times. We monitored the loss of Pd(II) in
solution to estimate the amount that incorporated in the AEL.
The Pd(II) concentration in solution was monitored using the
absorption spectra and square wave voltammetry. Details of
Pd(II) loading in the AEL are given in the Supporting
Information (Figures S4 and S5).
We loaded five separate BPMs with a constant amount of

CdS but varying amounts of Pd loading and tested the
photocatalytic activity of each membrane. We probed the
photocatalytic activity through the reduction of methyl
viologen in the AEL compartment of the H-cell. The BPM-
CdS/Pd membrane was inserted in the middle of the H-cell,
separating the solutions in the CEL and AEL compartments.
The arms of the cell were made from quartz cuvette, allowing
us to probe the changes in the absorption of the respective
solution in each compartment. Photoexcitation was conducted
through the CEL side so that CdS can be excited to induce the
photocatalytic reaction. The area of the film exposed to light
was 0.785 cm2. As ethanol in the CEL compartment scavenged
the photogenerated holes, the electrons accumulated in CdS

get transferred to the Pd nanoparticles embedded in the AEL.
Although these two layers are physically separated, the
crossover of the particles at opposite sides provides continuity
for electron shuttling across the entire membrane. MV2+

present in the AEL compartment captured these electrons to
form the reduced methyl viologen cation radical (MV+•).
Because of the positive charge for both MV2+ and MV+•, they
remain in solution and are repelled by the AEL part of the
membrane.
Reactions 3−6 represent the reduction of MV2+ following

the photoexcitation of CdS in the BPM-CdS/Pd membrane.

‐ + ν → ‐ −BPM CdS/Pd h BPM CdS(h e)/Pd (3)

‐ − +

→ ‐ + •

BPM CdS(h e)/Pd C H OH

BPM CdS(e)/Pd C H O
2 5

2 5 (4)

‐ → ‐BPM CdS(e)/Pd BPM CdS/Pd(e) (5)

‐ + → ‐ ++ +•BPM CdS/Pd(e) MV BPM CdS/Pd MV2

(6)

The formation of the reduction product MV+• in the AEL
compartment was monitored by recording the absorption
spectra (Figure 4A). With continued irradiation of visible light,
we see increased absorption in the visible range with
characteristic MV+• peaks at 395 and 610 nm, respectively.29

From the MV+• extinction coefficient at 610 nm (13,700 M−1

cm−1),29 we determined the concentration of MV+• formed in
the AEL compartment. With increasing photoirradiation time,
the MV+• attained a a steady-state concentration of 135 μM
(Figure 4B). As indicated in our earlier study,30 metal
nanoparticles are also capable of accepting electrons to
catalyze other reduction processes (reaction 7).

‐ + → ‐ ++• +BPM CdS/Pd MV BPM CdS/Pd(e) MV2

(7)

For example, the electron transfer between photogenerated
MV+• and metal nanoparticles has been investigated for H2
generation in aqueous solutions.31−33 The interesting aspect of
attaining the steady-state concentration of MV+• during steady-
state irradiation is the result of forward (reaction 6) and back
(reaction 7) electron transfer. The plot in Figure 4B shows the
growth of MV+• during visible light irradiation attaining a
steady state in ∼60 min. Upon fitting the growth of MV+•

concentration to pseudo-first-order kinetics, we obtain a rate

Figure 4. (A) Formation of MV+• as monitored from the absorption spectra recorded during the excitation of BPM-CdS/Pd with visible light.
Deaerated ethanol solution MV2+ (1 mM) was employed in the AEL compartment. Pd loading in the BPM was 0.34 mg/cm2. (B) Formation of
MV+• under visible light irradiation (λ > 390 nm) and its decay upon stopping the illumination. (C) Dependence of the steady-state concentration
of MV+• on the loading of Pd in the BPM-CdS/Pd membrane.
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constant of 5 × 10−3 min−1. Upon stopping the illumination,
the back electron transfer results in a decrease in MV+•

concentration (Figure 4B). We estimate the rate constant for
back electron transfer to be 2 × 10−3 min−1. The difference
between forward and back electron transfer dictates the steady-
state concentration.
The estimate of steady-state concentration of MV+• also

allows us to estimate the flat band potential of the BPM-CdS/
Pd membrane using the Nernst expression (expression 8).34

= − [ ] [ ]+ +• +• +E E (MV /MV ) 0.059 log MV / MVFB
0 2 2

(8)

By substituting the steady-state concentrations of MV+• and
MV2+ along with the redox potential of the MV2+/MV+•

couple, E° = −0.449 V vs NHE,35 we obtain EFB as −0.460
V vs NHE. This estimation of EFB provides the energetics of
the membrane with which it can induce redox processes.
We repeated the above experiment with four other BPM-

CdS/Pd membranes having different loadings of Pd (0.17−
0.30 mg/cm2), see Figures S6 and S7 in the Supporting
Information. The steady-state concentrations achieved with
these membranes are presented in Figure 4C. It is evident that
the increased Pd loading leads to the increased MV+•

concentration, indicating that the high loading of Pd is
required to capture the photogenerated electrons from CdS
and transfer to MV2+ in the AEL compartment. These
experiments confirm the vectorial electron transfer from the
CEL compartment to the AEL compartment induced through
the excitation of the BPM-CdS /Pd membrane.

Reduction of 4-Nitrophenol

Semiconductor-assisted photocatalysis has been widely studied
in the remediation of organic pollutants from air and
water.36−38 Of particular interest are nitroaromatic compounds
such as nitrophenol and trinitrophenol that are environmental
water contaminants.39,40 In order to test the feasibility of the
BPM-CdS/Pd membrane for degradation of nitroaromatics, we
employed 4-nitrophenol (NP) as a representative in the AEL
compartment. The experiments were done in a similar fashion
as in the case of MV2+reduction. We introduced an aqueous
solution of NP with pH adjusted to 10 so that it exists in
solution as nitrophenoxide ion (pKa ≈ 7)41 with an absorption
maximum at 400 nm. Since the absorbance of NP remains
unchanged in solution after extended contact with the BPM-

CdS/Pd in the dark, we rule out any incorporation of NP in
the AEL.
The H-cell containing BPM-CdS/Pd with ethanol (hole

scavenger) in the CEL compartment and 25 μM NP in the
AEL compartment was subjected to visible light excitation (λ >
390 nm). The absorption spectrum of the solution in the AEL
compartment was recorded periodically during photoirradia-
tion of the CdS side of the BPM-CdS/Pd membrane. The
vectorial flow of electrons from CdS to Pd resulted in the
reduction of NP to 4-amino phenol (AP). The decrease in NP
absorption at 400 nm coincided with the increase in the
absorption of AP at 310 nm, as can be noted from Figure 5A.
The decrease in absorption at 400 nm and growth of
absorption at 300 nm with irradiation time are shown in
Figure 5B for two different Pd concentrations. The kinetic
analysis of 4-NP decay (Figure 5C) shows a pseudo-first-order
degradation rate of 6 × 10−3 and 1 × 10−2 s−1 for Pd catalyst
loadings of 0.30 and 0.34 mg/cm2, respectively, in the BPM-
CdS/Pd membrane. This increase in rate constant with
increased metal nanoparticle loading follows the trend seen
with MV2+ reduction seen in Figure 4C. The results further
establish the effectiveness of the BPM-CdS/Pd membrane in
the photocatalytic reduction of 4-NP.

A BPM-CdS/Pd Membrane for Simultaneous Reduction
and Oxidation of Pollutants

Organochlorines have been widely used as pesticides and wood
treatment chemicals.38,42,43 Their contamination of soil, water,
and food products are of concern.43−46 Advanced oxidation
processes such as photocatalysis are quite effective in the
remediation of such organochlorines.38 In order to utilize the
photocatalytic oxidation, we employed a model pollutant, 4-
chlorophenol (CP), in the CEL compartment along with NP
solution in the AEL compartment. CP has been used as a
model pollutant to investigate the photocatalytic mineraliza-
tion of organochlorines.47−49 By replacing ethanol with CP as
the electron donor in the CEL compartment, we can maintain
the stability of CdS during photoirradiation. This configuration
allowed us to degrade two model pollutants simultaneously
using the BPM-CdS/Pd membrane.
The H-cell containing aqueous solutions of 30 μM CP in the

CEL compartment and 30 μM NP in the AEL compartment
separated by the BPM-CdS/Pd membrane was irradiated with
visible light (λ > 390 nm). As the CdS in the membrane
absorbed light to generate electrons and holes, we observed a

Figure 5. Photocatalytic reduction of 25 μM 4-nitrophenol in water (AEL compartment) during the visible light irradiation of BPM-CdS/Pd. (A)
Absorption spectra of AEL compartment solution recorded at different irradiation times ([Pd] in the membrane = 0.34 mg/cm2). (B) Decrease of
4-NP absorbance at 400 nm and growth of 4-AP absorbance at 300 nm at two different Pd Loadings (0.30 (solid circles) and 0.34 (open circles)
mg/cm2 Pd). (C) Pseudo-first-order kinetic analysis for the decay of 4-NP at two different Pd loadings (Pd(4) = 0.30 (solid circles) and Pd(5) =
0.34 (open circles) mg/cm2 Pd). The CEL compartment contained 3:1 ethanol/water by volume for these experiments.
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decreasing absorption of the parent compound in the two
compartments. Figure 6 shows the changes in the absorption

of NP and CP at different irradiation times. These changes in
the absorption can be related to the oxidation of CP by the

Figure 6. Absorption changes of (A, C) 4-chlorophenol (30 μM aqueous solution in the CEL compartment) and (B, D) 4-nitrophenol (30 μM
aqueous solution in the AEL compartment) recorded during the visible light (>390 nm) irradiation of BPM-CdS/Pd at two different Pd loadings:
(A, B) 0.30 mg/cm2 and (C, D) 0.34 mg/cm2 Pd. The scheme on the right illustrates the cell configuration and mechanism of degradation of two
model compounds.

Figure 7. Percentage conversion of 4-chlorophenol (CP; 30 μM in the CEL compartment) and 4-nitrophenol (NP; 30 μM in the AEL
compartment) monitored during the visible light (λ > 390 nm) irradiation of BPM-CdS/Pd at two different Pd loadings: (A) 0.30 and (B) 0.34
mg/cm2 Pd. (C, D) Corresponding first-order plots.
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holes generated at CdS and reduction of NP at the Pd interface
(reactions 9−11).
Membrane:

‐ + ν
→ ‐ −

→ ‐

BPM CdS/Pd h

BPM CdS(h e)/Pd

BPM CdS(h)/Pd(e) (9)

CEL compartment:

‐ + → ‐

+ → → +

BPM CdS(h)/Pd CP BPM CdS/Pd

(chlorocatechol, hydroquinone, ...) CO HCl2
(10)

AEL compartment:

‐ + → ‐ +BPM CdS/Pd(e) NP BPM CdS/Pd AP (11)

Figure 6A,C shows the changes in the absorption spectra of
CP as we subject the BPM-CdS/Pd membranes (with different
Pd loadings) to photoirradiation. The decrease in absorbance
at 300 nm is indicative of degradation of CP as it reacts with
the holes generated at CdS. As shown earlier, the photo-
catalytic oxidation of CP results in the formation of
chlorocatechol and hydroquinone as major intermediates
with ultimate conversion to CO2 and HCl (reaction 10).49

The detailed mechanism of photocatalytic oxidation can be
found in our earlier studies.49−51 The absorption changes of
the solution in the AEL compartment (Figure 6B,D) confirm
the transformation of NP to AP (reaction 11). In the present
experiments, we monitored the degradation of 4-CP and
compared it with NP degradation in the AEL compartment.
Figure 7A,B compares the percent conversion of CP and NP

with irradiation time at two different Pd loadings of 0.30 and
0.34 mg/cm2. At a lower Pd concentration, the percent
degradations of NP and CP are similar, and we achieve about
50% degradation during 60 min light irradiation. On the other
hand, with higher Pd loading, we see a higher degree of NP
degradation, while the CP degradation remains almost the
same. We also analyzed the decay of CP and NP using pseudo-
first-order kinetic analysis (Figure 7C,D). The rate constants
for degradation are presented in Table 1.

It is interesting to note that at a lower Pd concentration, the
rate constants of the two degradations are closely matched.
The similarity of the two rate constants explains achieving
constant conversion between the two model contaminants
(viz., CP and NP) at lower Pd loading in the membrane. The
higher rate constant of degradation at 0.34 mg/cm2 Pd
loadings explains the higher percent of degradation of NP.
Since we maintain similar loading of CdS, we see a similar rate
of degradation as well as similar fraction of degradation of CP
in AEL compartments. These results show that one can
modulate the degradation rates of organic contaminants in
AEL and CEL compartments by controlling the loading of the
photocatalyst and metal nanoparticles in the BPM. In order to

maintain the stability of the photocatalyst and electrocatalyst in
the BPM membrane and maximize the photoconversion
efficiency, one needs to balance the rates of both reduction
and oxidation processes.

■ CONCLUSIONS
A bipolar membrane with specific cation exchange and anion
exchange properties between the two layers enables design of a
photocatalytically active membrane that also separates reaction
compartments. The key advantage of such a membrane lies in
the separation of oxidation and reduction processes while
continuing to engage in the photodriven reactions. The
example of simultaneous oxidation of 4-chlorophenol and the
reduction of 4-nitrophenol under visible light irradiation of the
BPM-CdS/Pd shows its effectiveness in photocatalytic
remediation of chemical contaminants. Efforts are underway
to extend the design of the photocatalytic membrane in a flow
cell design. By controlling the flow rates and the intensity of
excitation, it should be possible to implement the photo-
catalytic membrane in a continuous flow reactor.
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