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and Dibakar Bhattacharyya *a

This study explores the integration of separation performance of rGO membrane with heterogeneous

oxidation reactions for remediation of organic contaminants from water. Herein, an approach was

introduced based on layer-by-layer assembly for functionalizing rGO membranes with polyacrylic acid

and then by in situ synthesis of Fe based reactive nanoparticles. TEM characterization of the cross-

section lamella of the membranes showed a high density of nanoparticles (12% Fe) in the functionalized

domain, signifying the importance of polyacrylic acid for in situ synthesis of nanoparticles. The

membranes exhibited a pure water permeability of 1.9 LMH bar�1. The membranes had low to moderate

salt retention, and more than 90% neutral red retention (organic probe molecule, size: 1.2 nm). The

membranes also exhibited high retention of humic acids (80%), preventing these organics from entering

the reactive domain, and thus potentially reducing the formation of undesired by-products. A persulfate

mediated oxidative pathway was employed to demonstrate the reactive removal of organic

contaminants. The membranes achieved >95% conversion by convectively passing 2 mM persulfate feed

at a transmembrane pressure of 0.4 bar. Successful degradation of TCE (up to 61%) was achieved in

a single pass by convective flowing of the feed solution through the membrane, generating up to 80% of

the theoretical maximum chloride as one of the byproducts. Elevated temperatures significantly

enhanced persulfate mediated TCE oxidation extent from 24% at 23 �C to 54% at 40 �C under batch

operating conditions.
1 Introduction

Membrane-based separation technologies are playing a pivotal
role in addressing the challenge of the increasing need for
potable water by removing organic contaminants via different
exclusion mechanisms.1–7 In addition to the applications in
separation, a membrane platform can be utilized as a support
for embedding reactive nanoparticles. Reactive membranes
provide an opportunity to conduct reactions, such as hetero-
geneous oxidation, in a continuous mode of operation for the
removal of organic contaminants.8 The immobilization of
reactive/catalytic components also eliminates the concerns
associated with catalyst recovery.9,10 This study explored the
integration of membranes with advanced oxidation processes
(AOPs) by embedding reactive Fe/Pd nanoparticles in reduced
Graphene Oxide (rGO) membranes for removal of persistent
organic contaminants from water.
rtment, University of Kentucky, 177 FPAT
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rGO membranes have attracted increasing attention of the
membrane community for aqueous and organic solvent nano-
ltration.11,12 Besides nanoltration applications, rGO tends to
participate in electron transfer reactions involved in oxidation
reactions.13 In oxidation reactions, the electron transfer reac-
tions result in the ssion of the peroxy linkage of oxidizing
agents, generating free radicals for the destruction of organic
contaminants. Active sites involved in electron transfer reac-
tions are believed to be the edge defects present in the basal
plane of rGO.14–16 Ketonic groups present on the basal plane has
higher electronic density, which enhances the tendency of these
materials to get involved in the electron transfer reactions.15

Doping of GO with nitrogen and sulfur have also been reported
to enhance the capability of GO to improve reaction efficiency
because of the redistribution of charge densities and creation of
more active sites.17–19

Furthermore, rGO provides support for the immobilization
of reactive components. Nanocomposites of rGO with the
transition metals are reported to perform better in AOP.20–22 In
the nanocomposites, transition metals are used for the initia-
tion of free radical reactions, whereas, rGO serves as a platform
for immobilization. Better activation performance for the
magnetite–GO composite as compared to magnetite alone in
RSC Adv., 2019, 9, 38547–38557 | 38547
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the decomposition of trichloroethylene (TCE) through AOP is
reported by Ahmad et al.23 rGO being hydrophobic, can adsorb
organic compounds with aromatic groups through pi–pi
stacking, resulting in a synergetic effect of adsorption and
surface-initiated radical formation towards organic contami-
nant degradation.19 Successful incorporation of reactive nano-
particles in the rGO membrane, therefore, should permit
decomposition of organic impurities in addition to the sepa-
ration capabilities of rGO membranes.

rGO-based reactive membranes have shown promising
results in removal of a wide range of organic contaminants,
such as phenols, nitrophenol, dyes, etc.24–26 Metal-free GO
membranes synthesized by doping basal plane of GO with
heterogeneous atoms have shown improved performance in
breaking down persulfate to generate free radicals for oxidative
degradation of organic contaminants.24 The introduction of
metal nanoparticles provides an opportunity for conducting
peroxy mediated oxidation reactions at a faster rate and room
temperatures. Approaches such as surface and nanochannel
functionalization are employed to synthesize reactive rGO
membrane platforms. Soroush et al. synthesized GO
membranes decorated with silver nanoparticles, which exhibi-
ted antimicrobial properties.27 Incorporation of TiO2 nano-
particles in the nanochannels of GO by co-ltration of
nanoparticles and GO was demonstrated by Gao et al.25 The
membranes showed photocatalytic abilities, reactively
removing phenols under the light. Although these approaches
have been successful in synthesizing a reactive membrane
platform, the remobilization of nanoparticles in the membrane
domain in the event of leaching is a challenge. The incorpora-
tion of functional polymers in rGO layers introduces ligands in
the membrane domain, which could be used towards the
immobilization of precursors for nanoparticle synthesis.
Subsequent in situ synthesis of nanoparticles is one of the
assuring ways for the re-functionalization of the membranes.

Furthermore, free radical-mediated oxidation processes are
typically accompanied by the formation of byproducts from side
reactions of free radicals with natural organic matter (NOM)
present in water.28,29 Removal of NOM before oxidation
processes is desirable to mitigate the formation of halogenated
by-products of these organics. rGO membranes have shown
high removal efficiency for NOM, primarily by size exclusion
mechanism.30 A nanocomposite membrane of rGO with a top
layer comprised of rGO provides an opportunity to remove NOM
by size and charge exclusion, and the formation of byproducts
by oxidation reactions in the reactive domain underneath can
be minimized.

The novelty of this study lies in combining the persulfate
mediated oxidation reactions with the separation performance
of rGO membranes in a loose nanoltration regime. This study
demonstrates the synthesis and application of reactive rGO
membranes for the removal of chlorinated organics from water.
The objectives of the study were: (1) to incorporate polyacrylic
acid in the nanoporous domain of rGO membranes for in situ
synthesis of nanoparticles, (2) to establish the role of polyacrylic
acid in synthesis of reactive nanoparticles in membrane
domain using advanced characterization, (3) to understand
38548 | RSC Adv., 2019, 9, 38547–38557
impact on ux and separation performance of the rGO
membranes aer incorporating PAA and reactive nanoparticles,
by using dye (probe molecule), salt solutions and humic acids
(model compound for NOM), and (4) to investigate persulfate
mediated oxidative removal efficiency of trichloroethylene (TCE,
model compound) by reactive rGO nanocomposite membrane.

2 Material and methods
2.1 Materials

GO was obtained as an aqueous dispersion (4 mg ml�1) from
Graphenea Inc. All other chemicals used in this study were of
reagent grade and were purchased from Fischer Scientic or
VWR. Ultrapure water used in all experiments was puried
(resistivity > 18 MU) using a Purelab ex water purier obtained
from ELGA lab water. A commercial-grade polyvinylidene uo-
ride (PVDF) membrane PV200 from Nanostone Water Inc. was
used as a substrate for the synthesis of the GO membranes. The
PVDF membrane had a pore size in the range of 90–120 nm and
a PVDF thickness of approximately 110 mm coated on
a nonwoven fabric (ESI Fig. S1†).

2.2 Synthesis of nanocomposite rGO membranes

Nanocomposite rGO membranes were synthesized on a PVDF
membrane support using a layer-by-layer (LBL) assembly
approach, schematically represented in Fig. 1a. First, GO with
a loading of 60 mg m�2 was deposited on the PVDF substrate by
pressure-assisted ltration. Acrylic acid (5 wt%) was then poly-
merized on the surface of GO under UV light in the presence of
bisacrylamide (5 mol% of acrylic acid) as a crosslinker and 1-
hydroxycyclohexyl phenyl ketone as an initiator. A thin coat of
GO (10–15 mg m�2) was then deposited on top of the func-
tionalized GO surface. Five such cycles of UV-initiated poly-
merization followed by the deposition of a thin layer of GO were
carried out to synthesize a nanocomposite layer. The composite
membranes were incubated in an oven at 90 �C for 20 h to
reduce the deposited GO layers. Ferrous ions were then
immobilized on the introduced carboxylate ligands of PAA, by
ion exchange cycle and were later reduced to zerovalent Fe using
NaBH4, as reported in our earlier publication.6 For the synthesis
of Fe–Pd bimetallic NPs, palladium was coated on the surface of
the zerovalent Fe through redox reactions at the Fe surface by
contacting membrane with aqueous Pd solution. The schematic
representation and optical image of the nanocomposite
membranes are shown in Fig. 1b, c, and ESI Fig. S3.†

2.3 Characterization

Cross-section of the membrane was imaged using transmission
electron microscopy (TEM, Talos F200X) coupled with energy
dispersive spectroscopy (EDS, Oxford Instrument X-MaxN 80
detector). A TEM sample of the nanocomposite rGO layer cross-
section was prepared using a focused ion beam (Helios FEI). X-
ray photoelectron microscopy (XPS, Thermo Scientic K-Alpha)
was used to determine the elemental composition across the
membrane depth. The crystal structure and the specic surface
area of the Fe-based nanoparticles synthesized in the solution
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic representation of (a) membrane synthesis and (b) nanoparticles embedded polyacrylic acid–rGO nanocomposite membranes.
(c) Optical image of nanoparticles embedded polyacrylic acid–rGO nanocomposite membrane.
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phase were determined using X-Ray Diffraction (XRD, Siemens
D500, Cu Ka 1.5418 Å) and a Brunauer–Emmett–Teller (BET,
Micromeritics TriStar 300) analyzer. Functional groups of rGO
were characterized by Fourier Transform Infrared Spectroscopy
(FTIR, Varian 7000e). Contact angles were measured using
a Drop shape analyzer (DSA 100 Kruss), and C 1s binding energy
spectra were obtained using XPS.
2.4 Performance analysis

The performance of the membranes was tested in a dead-end
(Sterlitech HP4750) and a cross-ow (Sterlitech CF016D) mode
of operation. The experimental set-up is schematically repre-
sented in ESI Fig. S2.† Pure water permeability (pressure-
normalized ux) of the membranes was determined for trans-
membrane pressure (TMP) up to 10 bar. The percentage rejec-
tions of species by the membranes were determined using eqn
(1).

Rejection ð%Þ ¼
�
1� C_perm

C_feed

�
� 100 (1)

where, C_feed, C_perm, and C_ret are the concentrations of
feed, permeate and retentate, respectively.

Reactivity of the membrane was assessed by studying per-
sulfate decomposition. The decomposition of persulfate (2 mM)
by nanocomposite rGO membranes was measured in a dead-
end mode of operation under different TMPs. Control tests
were conducted with blank rGO membranes without nano-
particles. Oxidation of trichloroethylene (TCE) by the nano-
composite rGO membrane was also conducted in a dead-end
mode of operation in the presence of 2 mM persulfate at pH 7.
2.5 Analysis

Persulfate concentration was measured using iodometric titra-
tions.31 TCE was analyzed by Gas Chromatography (Varian CP-
3800)-mass spectrometry (Saturn 2200) instrument with
helium as a carrier gas. Chloride concentrations were measured
as an additional check for the oxidation of TCE using a chloride
probe (Acumet). Analysis of the intermediates of TCE oxidation
was done by GC-MS analysis aer the derivatization of the
This journal is © The Royal Society of Chemistry 2019
reaction intermediates. For derivatization, the intermediates
were esteried with hexyl alcohol by conducting a reaction of
10 ml of solution with 500 ppm hexyl alcohol at 60 �C for 20
minutes in the presence of H2SO4 as a catalyst.
3 Results and discussion

The primary goal of the study was to synthesize a reactive rGO
membrane platform for the oxidative removal of organic
contaminants from water. The current section discusses the
approach used in this study for synthesis of the membranes,
characterization and performance evaluation, this being fol-
lowed by a discussion on persulfate mediated oxidation of TCE
from aqueous solution in solution phase and in reactive
membrane domain (model compound for volatile organic
contaminants).
3.1 Membrane cross-section characterization

One of the aims of this study was to characterize the cross-
section of the nanocomposite membrane to measure the
thickness of the nanocomposite layer and to investigate the
distribution of nanoparticles across the domain. Determining
the distribution of iron across the GO layers was critical to
understand the role of polyacrylic acid in in situ nanoparticle
synthesis. Also, the residence time of reactants in the
membrane domain is directly proportional to the thickness,
and therefore, needs to be assessed.

The cross-section morphology of a nanocomposite rGO
membrane sample synthesized in the study is shown in Fig. 2a.
The membrane surface was coated with platinum before
making the lamella to prevent any damage during milling by
a Ga beam. The deposited rGO layers exhibited two distinct
regions: nanocomposite of rGO–PAA and underneath rGO
(Fig. 2b). The observed thickness of the rGO–PAA layer and the
underneath rGO layer were 110 and 150 nm, respectively. The
high-resolution TEM image showed the presence of nano-
particles in the membrane domain (Fig. 2b). EDS mapping was
performed across the different deposited layers to determine
their elemental composition. Elemental composition in the
RSC Adv., 2019, 9, 38547–38557 | 38549
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Fig. 2 Cross-section of the nanocomposite membrane imaged using Transmission Electron Microscopy. (a) HAADF image of the lamella of GO
membrane cross-section prepared using a focused ion beam. (b) High-resolution image of the nanocomposite membrane showing active later
of GOmembrane (reduced GO (region 2) and polyacrylic acid composite GO (region 1)). (c and d) Distribution of Fe and Pd across themembrane
cross-section obtained using EDS, respectively. (e) Elemental composition of the nanocomposite membranes in the three regions as highlighted
in (b). (f) Elemental composition determined across the depth of the membrane using XPS. The remainder of the elemental composition rep-
resented in (f) is carbon.
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three regions of nanocomposite membranes is summarized in
Fig. 2e and EDS spectra for the nanocomposite domain (region
1, Fig. 1b) can be found in ESI Fig. S4.† The rGO–PAA domain
had a high density of Fe compared to the underneath rGO
domain (Fig. 2c). The Fe concentration dropped from 12% in
the polymer nanocomposite domain to 0.5% in the rGO
domain. Also, a slightly higher concentration of Fe (3%) was
observed in the PVDF substrate, which could be attributed to
the more open structure of PVDF domain compared to rGO
domain. Owing to the relatively low atomic proportion of Pd,
weak signals for Pd were observed across the membrane
thickness along with the presence of some agglomerates
(Fig. 2d). The high density of nanoparticles in the PAA func-
tionalized rGO domain compared to the nonfunctionalized
domain signies the importance of introducing carboxylate
groups for the in situ synthesis of nanoparticles.

Elemental composition across the membrane thickness was
also determined using XPS (Fig. 2f). Membrane surface had
56% C, 3% N, 4% Fe, 32% O and 5% Pd. The membrane sample
was etched using a 1000 eV argon beam, and the elemental
composition was determined at different etched intervals.
Spectra corresponding to the binding energies of the analyzed
elements are shown in ESI Fig. S5.† Fluorine concentration
increased gradually and reached a maximum of 14% aer an
etch time of 900 s. During initial etching cycles, uorine from
the lower PVDF substrate was not observed, suggesting the
absence of defects. Aer etching the membrane sample for
900 s, the argon beam likely had penetrated through the
nanocomposite rGO layer, and photoelectrons from the
38550 | RSC Adv., 2019, 9, 38547–38557
underneath substrate were likely measured by the detector. The
oxygen content also declined aer 900 s of etching to 2%. As
expected, the elemental proportion of Fe and Pd declined
beyond 900 s of etching, as there are no ligands present in the
PVDF matrix to immobilize the precursor for nanoparticle
synthesis.

Naturally, one may desire to have high metal nanoparticle
loading for a higher reaction extent. Of course, loading of Fe
nanoparticles in the membrane depends on the extent of
functionalization with PAA. Our earlier reported research with
PAA functionalized microltration membranes extensively
investigated the impact of functionalization conditions on the
loading of nanoparticles.32,33 Furthermore, carboxylic function-
alities in the membrane can potentially immobilize the leached
Fe and also provides an opportunity to re-functionalize the
membranematrix with nanoparticles by repeating ion-exchange
cycles. Higher nanoparticle loading could be achieved by
increasing the proportion of PAA in the nanocomposite domain
of the membrane. However, its inuence on the perm-selectivity
of the membrane will require further investigation.

Reactivity of the nanoparticles with persulfate depends on
the oxidation state of iron in the nanoparticles. Minerals/oxides
containing iron in Fe(II) form, such asmagnetite, are reported to
have high reactivity compared to iron in Fe(III) form, such as
ferric oxide.34 Therefore, characterization was extended to
determine the crystalline structure of nanoparticles. TEM
characterization was performed for nanoparticles synthesized
in the solution phase in the absence of the membrane (Fig. 3a–
e). A thin oxide layer was observed on the surface of the
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Characterization of solution-phase synthesized iron nanoparticles by transmission electronmicroscopy (TEM) and X-ray diffraction (XRD).
Nanoparticles were synthesized in solution phase from ferrous ion precursors in the absence of membranes. (a) TEM image, (b) high-resolution
TEM image, (c) SAED pattern, (d) size distribution, (e) EDS and (f) XRD pattern: (bottom) synthesized zerovalent iron nanoparticles, (middle)
nanoparticles after oxidation persulfate oxidation reactions and (top) Fe–Pd bimetallic nanoparticles.
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nanoparticles. The crystalline structures of the nanoparticles
obtained using XRD were consistent with the literature.35,36

Synthesized zerovalent Fe nanoparticles had a dominant peak
at 2q ¼ 45� corresponding to Fe(110) (Fig. 3f). Post-coating of
nanoparticles with palladium showed diffraction peaks corre-
sponding to Pd(111) and Pd(311) at 38� and 76�, respectively.
The BET analysis of the nanoparticles showed a type II isotherm
with a specic surface area of 8 m2 g�1 (ESI Fig. S6†). Also, it is
worth mentioning that we have used our previously published
protocol for the nanoparticle synthesis, and detailed charac-
terizations of the bimetallic Fe–Pd nanoparticles could be found
elsewhere.37 Characterization of nanoparticles (synthesized in
solution phase) using TEM, XRD and BET thus suggested that
Pd is indeed coated on the Fe-nanoparticles, and these nano-
particles have a non-porous spherical geometry.

During the synthesis of the membranes, GO was reduced to
improve stability. Membranes were incubated at 90 �C for 24
hours. Aer reduction, a signicant loss of free water and
hydroxyl functionalities for GO was observed. A decline in
oxygen content, an increase in hydrophobicity, and a decrease
in interlayer spacing were observed. Characterization of the GO
during thermal conditions is reported in our earlier
publication.38
3.2 Water permeability and separation performance

Separation performance of rGO in loose nanoltration
regime was desired from the nanocomposite membranes, as
This journal is © The Royal Society of Chemistry 2019
the removal of larger organics before activation of persulfate
in the membrane domain would prevent side reactions of
these organics with sulfate-free radicals. The performance of
the nanocomposite membrane was investigated to measure
pure water permeability, salt retention and humic acids
(model compound for NOM). rGO membranes are negatively
charged loose nanoltration membranes with a size-
exclusion cutoff around 1.2 nm in an aqueous media and
can partially retain salts.39,40 In this study, performance was
tested in two cross-ow cells operated in a parallel congu-
ration, one containing the rGO membrane (rGO loading:
120 mg m�2) and other containing the nanocomposite rGO
membrane.

Nanocomposite rGO and rGO membranes exhibited a pure
water permeability of 1.9 and 2.3 LMH bar�1, respectively, for
TMP up to 7 bar (Fig. 4a). Initially, we aimed at quantifying the
change, if any, in the size-based exclusion performance of the
rGO membranes aer the introduction of nanoparticles in the
membrane matrix. Neutral red dye (size: 1.2 nm, M Wt: 289 g
mol�1) was used as a probe molecule to check for any micro-
scopic defects introduced in the membranes during synthesis.
Graphene oxide membranes are known to have a high reten-
tion of neutral red (over 90%).41 Both, rGO and nanocomposite
(with metal nanoparticles) rGO membranes exhibited high
retention of neutral red. It is interesting to note that the perm-
selectivity of the membrane was not signicantly affected by
the incorporation of nanoparticles in the membrane domain,
suggesting the incorporated functionalized domain didn't add
RSC Adv., 2019, 9, 38547–38557 | 38551
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Fig. 4 Performance of rGO and rGO nanocomposite membranes. (a) Permeability, and (b) humic acid and neutral red retention by the
membranes. Humic acid and neutral red retention wasmeasured at 6.9 bar operating pressure gradient and a feed concentration of 100 ppm and
50 ppm, respectively.
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signicant resistance for the transport of molecules across the
membrane (Fig. 4b). During the study, both membranes
showed signicant decay in the ux of both the membranes,
around 60%, during the ltration of neutral red. Average ux
recovery of around 75% aer rinsing the membranes with pure
water was observed.

GO membranes are known to partially retain salts owing to
the presence of negatively charged carboxylate groups in the
conned interlayer spacing.42 Salt retention by the membranes
was evaluated using Na2SO4, NaCl, MgSO4, and MgCl2 for a feed
concentration of 7 mM and at a TMP of 7 bar. The corre-
sponding rejections of the four salts by nanocomposite rGO
membrane were 55%, 30%, 25%, and 5%, respectively, and by
rGO membrane were 56%, 47%, 43%, and 16%, respectively
(Fig. S13†). The observed trend in salt retention indicates salt
exclusion by rGO and nanocomposite rGOmembranes is charge
driven, as the rejection of MgCl2 was lower than of NaCl, and the
rejection of MgSO4 was lower than Na2SO4. Donnan exclusion is
reported as a major contributor to the underlying exclusion
mechanism compared to size exclusion.43 GO sheets tend to
swell in contact in water, and the effective interlayer spacing is
larger than hydration radii of ion.44 Therefore, steric hindrance
has a signicantly lower contribution to the overall exclusion
mechanism of ions. Lower salt retention by rGO membranes
can be advantageous in applications requiring organic removal
from water containing high salt concentrations or where
removal of minerals from water is not desired, as one would
expect a lesser extent of fouling caused by hardness precipita-
tion and lower osmotic pressure gradient during the treatment
of such water streams by rGO membranes.45

Next, we tested the retention of NOM by rGO membranes
using 100 ppm humic acids (model compound) as feed in
a cross-ow mode of operation. Both membranes showed
high retention of humic acids, rejecting around 80% of the
feed (Fig. 4b). Partial permeation of humic acids through the
membranes can be attributed to the polydispersity of humic
acids. The ux of the membranes declined by 10% aer 6
hours of operation during the experiment. Humic acids are
anionic macromolecules and are expected to be retained by
38552 | RSC Adv., 2019, 9, 38547–38557
GO membranes through steric hindrance and charge
repulsion.

3.3 Reactivity performance

3.3.1 Persulfate decomposition. A persulfate mediated
pathway was employed for reactive removal of organic
contaminants. A persulfate mediated pathway has advantages
over the one mediated by hydrogen peroxide, such as longer
half time of the sulfate-free radicals compared to hydroxyl
radicals, selectively higher reaction rates with electron-rich
contaminants, less severe scavenging effect of persulfate on
sulfate radicals compared to that of hydrogen peroxide on
hydroxyl radicals, and enhanced degradation rates at elevated
temperatures.46,47

An initial set of experiments were conducted with different
Fe-based nanoparticles to quantify the removal efficiency. Per-
sulfate activation by zerovalent Fe (1 : 1 molar ratio) was tested
by reusing the nanoparticles over two cycles using a batch mode
experiment. For the rst run, persulfate decomposed at a rapid
rate with all persulfate being consumed within a reaction time
of sixty minutes (ESI Fig. S7†). The second cycle of persulfate
activation, with used Fe from the rst run, showed no conver-
sion of persulfate suggesting all Fe was converted to ferric oxide,
which was later conrmed by XRD (Fig. 3f).

The reactive properties of Fe-based nanoparticles for per-
sulfate activation are found to improve by doping Fe nano-
particles with group 10–11 elements, such as Cu, Ni, and Pd.48

The pathway for the reaction is reported to proceed through the
generation of sulfate-free radicals.49 Therefore, an initial set of
experiments were conducted with different Fe-based nano-
particles to quantify the persulfate decomposition efficiency. Pd
doped Fe nanoparticles were also investigated for the persulfate
activation. Reactive performance for persulfate decomposition
by zerovalent Fe and Fe/Pd bimetallic (90 : 10 Fe : Pd atomic
ratio) particles (1 : 1 molar ratio) was evaluated over four cycles
of 24 hours in a batch-mode operation. Nanoparticles were
reused during repeated cycles of the experiment. For zerovalent
Fe nanoparticles, high persulfate decomposition occurred
initially, which dropped substantially (<5%) for the subsequent
cycles (ESI Fig. S8†). However, Fe/Pd bimetallic nanoparticles
This journal is © The Royal Society of Chemistry 2019
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retained its reactivity during the experiment and had an average
decomposition efficiency of 40% over four cycles. Considering
the better reactive performance shown by bimetallic particles,
Fe nanoparticles embedded in the membranes were post coated
with Pd.

Reactive performance of the nanocomposite membranes was
tested by passing 2 mM persulfate solution through the
membrane in a dead-end mode of operation at two TMPs (pH 7
and 23 �C), over 17 hours of operation. Passing persulfate
solution through the membrane has an advantage of improved
mass transfer coefficients, as the reactants are convectively
driven to the nanoparticles embedded in the membrane pores.
Initially, ltration was operated at TMP of 0.4 bar, for which
more than 95% conversion of persulfate was observed. For
subsequent ltration operation at a TMP of 1.4 bar (one-third
the residence time at 0.4 bar), one would expect about 85%
steady state conversion, but the drop to 26% indicated lower
reactivity of oxidized iron/Pd nanoparticles (Fig. 5). Corre-
sponding ux at the two investigated TMP were 2 and 7 LMH.
Leaching of iron during the experiment was also monitored by
measuring the concentration of dissolved iron in the permeate
by inductively coupled plasma. Iron loss due to leaching was
around 8% during the experiment. For the lower operating ux,
the residence time of the reactant in the reactive domain is
higher, and therefore, a greater extent of reaction is expected.

3.3.2 Stability of rGOmembranes. Naturally, the stability of
the rGOmembrane in an aqueous and oxidative environment is
vital for the application of these membranes. The reduction of
GO is advantageous in this case as it imparts stability in two
ways. First, reduction of GO enhances the pi–pi stacking of the
deposited sheets, preventing them from dislodging off the
substrate.50 Second, reduction of GO is essential for improving
the resistance of these materials towards oxidizing radicals.
Functionalities present on GO, such as hydroxyl and epoxy are
more susceptible to cleave from the backbone. Furthermore,
Fig. 5 Activation of persulfate by nanocomposite GO membranes.
Persulfate decomposition was conducted in a dead-end mode of
operation. [Persulfate_feed]¼ 2mM, pH¼ 7, temp.¼ 23 �C. The x-axis
shows the total cumulative operational time (>17 hours) during a study
conducted over a span of 17 days.

This journal is © The Royal Society of Chemistry 2019
owing to the high electron density of these electron-rich func-
tionalities, they are susceptible to the attack of electrophilic
sulfate free radicals. Furthermore, the activation energy for the
removal of these functionalities is expected to decrease with the
increasing extent of oxidation of GO. Partial removal of these
functionalities by reduction of GO is therefore important. In
this study, the rGOmembranes showed a negligible ux change
during the experiment represented by Fig. 5, suggesting stable
performance of the membranes under an oxidative environ-
ment (ESI Fig. S9†). An additional experiment was performed by
treating rGO with a persulfate solution at an elevated temper-
ature of 50 �C. rGO samples aer 24 hours and 72 hours of
exposure were characterized by Raman and FTIR spectroscopy
(ESI Fig. S10 and S11†). During the experiment complete
decomposition of persulfate occurred; however, no apparent
changes in either of the spectra were observed, suggesting no
signicant introduction of defects or change in functionalities
in rGO lms during persulfate exposure.

3.3.3 Oxidative removal of trichloroethylene. The residence
time of the reactant in the membrane domain is typically short
(of the order of few seconds) for a reasonable ux.51 It, therefore,
necessitates fast reaction kinetics to achieve a greater extent of
organic contaminant oxidation. To establish the kinetics of the
reaction, persulfate mediated oxidation of a saturated solution
of TCE was conducted. The saturated solution of TCE
comprised of a liquid TCE droplet in equilibrium with water
(2 ml TCE per liter water). Chloride produced during the reac-
tion was monitored to determine the extent of reaction using
a chloride probe. Oxidation of TCE by sulfate free radicals
generates chloride as byproduct, and in an ideal situation, this
reaction should result in complete mineralization of TCE which
would yield three moles of chloride for one mole of TCE.34

Before every run, persulfate (7.2mM) was added to the saturated
TCE solution and chloride formation was monitored for 30
minutes. During this phase, no signicant amount of chloride
was formed, suggesting relatively slower kinetics of TCE
Fig. 6 Trichloroethylene decomposition by persulfate mediated
oxidative pathway in the solution phase. Solution phase decomposi-
tion conducted with a saturated TCE–water phase solution (2000
ppm). Generated chloride was monitored after spiking solution con-
taining 7 mM persulfate with 20 ppm Fe/Pd nanoparticles.

RSC Adv., 2019, 9, 38547–38557 | 38553
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Fig. 8 Persulfate mediated oxidation of TCE in the presence of the
nanocomposite membranes (soaking mode, no convective flow) at
different temperatures. TCE_feed: 0.7 mM, persulfate: 4 mM.
Decomposition experiments were conducted in 20 ml glass vials with
no headspace. 0.5 cm2 of membrane samples were used for oxidation
reactions.
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decomposition by persulfate itself. The saturated solution of
TCE containing persulfate was then spiked with Fe/Pd nano-
particles (20 ppm). A rapid increase in chloride concentration
was observed, as shown in Fig. 6. Three replicates were per-
formed, each run consisting of three successive spikes of
nanoparticles. The reaction produced 0.4mM of chloride within
60 seconds of reaction and a total of 0.8 mM chloride by 5
minutes aer spiking 20 ppm nanoparticles. Eventually, the
reaction slowed dramatically owing to the consumption of Fe(II)
sites.

Aer ensuring fast kinetics, TCE oxidation experiments were
conducted with the nanocomposite rGO membranes by passing
solutions through the membrane under pressure gradient. TCE
solution (0.3 mM) was passed through the membranes in the
presence of 2 mM persulfate solution at TMPs (transmembrane
pressure) of 0.5, 1, and 2 bar in a dead-end mode of operation.
The oxidation extent of TCE was determined by measuring the
concentration of TCE on both the feed and permeate sides.
Respective TCE conversion achieved at the three TMPs were 61,
52 and 27%, respectively (Fig. 7). The ratio of the amount of
chloride produced/maximum possible chloride for TCE oxida-
tion was 0.63, 0.70, and 0.70, respectively. An additional control
run performed with TCE solution in the absence of persulfate
showed a loss of up to 14% of TCE and was attributed to
adsorption and vapor losses. The nanocomposite membranes
thus offer an opportunity to achieve a controlled extent of
reaction by regulating transmembrane pressure, and thus,
residence time.

One of the advantages of employing persulfate mediated
oxidation reactions is a signicant enhancement in the reaction
rates at elevated temperatures due to thermally activated ssion
of peroxy linkage. The effect of temperature on removal effi-
ciencies of TCE (0.7 mM feed) was investigated by conducting
a solution-phase oxidation reaction at 4 �C, 23 �C and 40 �C in
the presence of nanocomposite membranes (0.5 cm2) and 4mM
persulfate in 20 ml glass vials (Fig. 8). During the runs, vials
Fig. 7 Trichloroethylene decomposition by persulfate mediated
oxidative pathway initiated by the nanocomposite membrane.
Oxidation was conducted with 0.2 mM TCE in the presence of 2 mM
persulfate at pH 7 and 23 �C.

38554 | RSC Adv., 2019, 9, 38547–38557
were taken from the sets at different time intervals, and
concentration of persulfate and TCE were measured. Control
samples showed a loss of <1%, 4%, and 10% at 4 �C, 21 �C, and
40 �C in the absence of persulfate. Corresponding decomposi-
tion of persulfate at the three temperatures aer 24 hours of
reaction time was 5%, 10%, and 65%, respectively, clearly
signifying the role of temperature in activation of persulfate.
TCE degradation aer 24 hours at corresponding temperatures
were 10%, 22%, and 54%, respectively. Lower conversion
(compared to convective ow, Fig. 7) would be expected due to
internal mass transfer limitation. Thus, our results suggest
elevated temperatures can also be effectively used in enhancing
persulfate mediated TCE removal efficiency.

The oxidation of organic contaminants for a sulfate-free
radical-mediated pathway occurs via the formation of organic
radical cation through the electron transfer from organic
compounds to the sulfate radical.52 Subsequent hydrolysis of
the organic radical cations results in the formation of oxygen-
ated products. To analyze the intermediates of persulfate
mediated TCE oxidation, solution-phase oxidation of 0.7 mM
TCE was conducted in the presence of persulfate (5 mM) and
nanoparticles (100 ppm). For a reaction time of 1 hour, 30%
conversion of TCE was observed. The reaction mixture was then
This journal is © The Royal Society of Chemistry 2019
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reacted with hexyl alcohol in the presence of H2SO4 at 60% to
esterify the acidic reaction intermediates. The GC-MS analysis
of the esteried reaction mixture suggested the presence of
chloro-acetic acid as one of the products (ESI Fig. S12†). Similar
products are reported for hydroxyl radical-mediated oxidation
of TCE.46
4 Conclusion

In summary, we demonstrated the synthesis of nanocomposite
reactive rGO membranes with capabilities for separation in
loose nanoltration regime and to initiate advanced oxidation
reactions for the removal of trace organic contaminants from
water. rGO domain was functionalized with cross-linked poly-
acrylic acid using an LBL assembly, which enabled in situ
synthesis of nanoparticles. TEM characterization of the lm
showed a high concentration of iron nanoparticles (12% Fe,
0.6% Pd) in the PAA functionalized domain. The functionalized
membranes retained the separation performance of rGO layer,
exhibiting 80% humic acid and partial salt rejection, which is
important in reducing the number of unwanted side reactions.
rGO layer aer incorporation of nanoparticles retained its
selectivity towards retaining a neutral red probe molecule (size:
1.2 nm, rejection > 90%). The membranes effectively decom-
posed persulfate and degraded up to 61% TCE (at 23 �C),
generating up to 70% of the theoretical maximum chloride, in
a convective mode of operation. Obviously, one can easily
increase the conversion by controlling residence time through
the membrane pores and also by multiple passes or running at
higher temperatures. Increase in temperatures enhanced per-
sulfate mediated TCE oxidation (in batch mode) from <5% at
4 �C to 54% at 40 �C. Derivatization of the products aer
oxidation of TCE showed the presence of chloro-acetic acids as
one of the by-products. The reactive membranes synthesized in
this study can potentially serve applications in the removal of
TCE and other smaller organic contaminants through an
oxidative pathway and exclusion of interfering larger organics
by charge and size-based exclusion.
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