Open Access Article. Published on 24 July 2017. Downloaded on 4/13/2026 5:26:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2017, 7, 36555

Insights into iron induced fouling of ion-exchange
membranes revealed by a quartz crystal

microbalance with dissipation monitoring+

Mei Chen,? Jinxing Ma, ©*° Zhiwei Wang,? Xingran Zhang® and Zhichao Wu?

Understanding the mechanisms of multivalent iron interacting with ion-exchange membranes (IEMs) is

crucial for the prediction of membrane fouling as well as the development of control strategies. In this

study, the adsorption and desorption behaviors of Fe(n) species on a typical IEM, Nafion, were

investigated using a quartz crystal microbalance with dissipation monitoring (QCM-D). The Nafion thin

film formed on the crystal sensor surface via a sedimentation method showed a non-rigid structure with

a Voigt-based mass concentration of ~500 ng cm™

2 at a Nafion solution injection time of 10 min.

Adsorption of Fe(i) species was first assessed using a 10 mM Fe(in) solution, followed by rinsing under

different conditions to induce the structural transformation and/or release of Fe(i) from the Nafion film.

The QCM-D results suggested that there was a rapid deposition of Fe(i) at the initial stage. It has been

found that the ongoing adsorption process exhibiting pseudo-first-order kinetics was associated with
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the interaction between Fe(m) and the surface functional sites (-SOzH) of Nafion, which consequently

retarded the proton transfer. Compared to the rinse with an acidic solution (HCl in ultrapure water, pH
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1. Introduction

Ion-exchange membranes (IEMs) are insoluble matrices gener-
ally made from polymeric materials attached to charged ion
groups with a preference to conduct dissolved cations or anions
(e.g., Na* and CI7) whilst being much less permeable to gases
and electrolytes." The conventional applications of IEMs lie in
the use of an electrical potential or concentration gradient to
selectively transport cations or anions. For example, when
applied in chlor-alkali production, IEMs are typically arranged
between the electrodes with a galvanic potential provided as
a voltage generated at the electrodes. An emerging interest in
IEMs is the incorporation into water/wastewater treatment
technologies with more recent innovations including microbial
fuel cells (MFCs), microbial desalination cells (MDCs), capaci-
tive deionization (CDI) and capacitive mixing (CapMix).>®
Despite the prominent progress in environmental applica-
tions of IEMs, crucial concerns remain with regard to (i) the
non-target ion transfer and (ii) fouling that leads to the
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of 2.37), the QCM-D results of neutral elution (ultrapure water, pH of 6.50) indicated the hydrolysis of
Fe() and/or structural transformation of the p-oxo bridged, Fe—O-Fe.

deterioration of the membrane performance.” For instance, it
has been well recognized that the metal cations are of great
abundance in the substrates of MFCs and MDCs, which can
transfer across the IEMs as non-target ions though some IEM
types possess a preferential conductivity for protons such as 3.4
for H'/Na" and 6.2 for H'/K" in Nafion 117.1° The influences of
non-proton transfer are profound as this would result in (i) pH
excursion inhibiting the biocatalysts activity and (ii) the loss of
thermodynamic cell potential.”*'* Moreover, it has been re-
ported that the movement of multivalent cations and/or their
polynuclear species across the IEMs can further cause strong
interaction with the charged groups (e.g., sulfonic acid groups
(-SO3H)),”® which retards the “hop” of subsequent ions from
one site to the adjacent sites and consequently increases the
internal resistance.*

Iron (Fe) is an important element involved in metabolism
and redox chemistry. In surface and ground waters, Fe presents
at varying concentration levels, ranging from 0.5 to 50 mg L™ ".*3
In the anode chambers of MFCs and MDCs, the origin of
aqueous Fe(u) and Fe(m) can be associated with the reductive
dissolution of Fe-(oxyhydr)oxides in addition to the authigenic
dissolved species. Moreover, Fe(u)/Fe(m) can be directly
employed as an electron mediator.* When using IEMs in water/
wastewater treatment, considerations should be given to the
interfacial behaviors of Fe species on IEMs since recent
evidence has indicated that Fe(ur) species are related with the
mineral precipitation on IEMs with their further interaction
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with macromolecules resulting in biofouling that deteriorates
the process performance.*® Although previous studies using
K-edge extended X-ray absorption fine structure (EXAFS) spec-
troscopy have implied that an oxo-bridged dimer, Fe-O-Fe,
dominates the Fe speciation of the Fe(m) neutralized
membranes (Nafion 125 IEM) followed by a structural trans-
formation to edge-sharing FeOs octahedra,"*® there are still
many characteristics of this process that remain unclear. For
example, (i) what kind of behavior is prevailing during the
adsorption and/or precipitation of Fe(ur) on IEMs? (ii) How is
this process influenced by the environmental factors (e.g., pH)?
(iii) Will this lead to significant impacts on the performance of
IEMs?

In this study, we have investigated the nature of iron induced
fouling of a commercial IEM, Nafion 117, by using a quartz
crystal microbalance with dissipation (QCM-D). QCM-D has
been suggested as a useful method to obtain information on
adherence and fouling propensity of foulants on membrane
surfaces.””™ Coating of Nafion film on gold-plated crystal
sensors was conducted via a sedimentation method. The over-
arching goals of this work are, therefore, to (i) form Nafion thin
film on crystal sensor surface, (ii) elucidate the behaviors of
Fe(m) on the resultant film and (ii) evaluate the impacts of Fe
precipitation on the membrane properties. An adequate
understanding of the Fe induced fouling mechanisms of IEMs
is expected to be conducive to advancing control strategies for
IEM-related processes.

2. Materials and methods

2.1. Reagents

All chemicals were analytical reagent grade and used as received
unless otherwise stated. All solutions were prepared using
18.2 MQ cm Milli-Q water (Millipore). Glassware was soaked in
a 5% v/v HCI for at least three days and rinsed prior to use.
Nafion® 117 membrane (Product no. 274674) and per-
fluorinated resin solution (Nafion solution, Product no. 274704)
were purchased from Sigma-Aldrich. 1 M NaOH and 1 M HCI
were used for the adjustment of solution pH when necessary.
Stock solution of 10 mM ferric chloride hexahydrate (FeCl,-
-6H,0) was prepared for the following experiments, and
according to the calculation using an equilibrium speciation
program Visual Minteq, dominant Fe(m) species are Fe®*
(39.2%), FeOH>" (32.9%), Fe,(OH),*" (14.7%) and FeCl**
(10.5%) at the equilibrium pH of 2.37.

2.2. Quartz crystal microbalance with dissipation
monitoring

In this study, a quartz crystal microbalance with dissipation
monitoring (QCM-D, E4, Q-Sense, Vistra Frolunda, Sweden)
system was used to monitor the sedimentation of Nafion on the
crystal sensor surface and to investigate Fe(ur) induced fouling
of Nafion. The E4 system has four modules that allow a parallel
configuration, and each module holds a 5 MHz AT-cut quartz
crystal sensor. Gold-plated crystal sensors (Q-Sense) were
utilized for the following studies. Prior to use, the crystal
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sensors were subject to the cleaning protocols documented by
the QCM-D manufacturer, with the flow modules cleaned with
a 2.0% sodium dodecyl sulfate (SDS) solution followed by rinse
with copious amount of ultrapure water. Prepared solutions
were degassed through ultrasonication for 10 min and all
experiments were performed at a constant flow rate of 150 pL
min~' using a peristaltic pump (IsmaTec, IDEX). Solution
temperature inside the chamber was maintained at about 25 °C.

2.3. Sedimentation of Nafion on QCM-D crystal sensors

At the initial stage of the experiment, the frequency and dissi-
pation responses of the crystal sensors at n overtone (n =3, 5, 7,
9 and 11) were monitored whilst the system was rinsed with
ultrapure water (pH = 6.50) for stabilization (step I in Fig. 1).
Stable baseline was considered to be achieved when the drift of
normalized frequency signals at the 5™ overtone (i.e., Afy),
which was chosen based on the best signal-to-noise ratio, was
decreased below 0.5 Hz in a period of 10 min. Subsequently the
Nafion solution was introduced into the modules for the sedi-
mentation of Nafion on crystal sensors (step II in Fig. 1),
resulting in the decrease in the frequency (i.e., an increase of
|Af]) due to the change of solution properties and/or adsorption
of Nafion on the surface of crystal sensors. The sensors were
then rinsed with ultrapure water (step III in Fig. 1) until stable
frequency and dissipation signals of the 5% overtone were
achieved.

The Voigt-based model**** was introduced herein to quantify
the mass concentrations of Nafion on the QCM-D crystal
surfaces. Briefly, the normalized frequency shifts (Af) and
dissipation shifts (AD) at the 3™, 5™, 7" 9™ and 11" overtone
collected from the experiments were used for model fitting
using the Q-Tools 3.0 (Q-Sense), obtaining the surface concen-
tration (mass and thickness), viscosity and shear modulus of
the Nafion film as a function of time. The fluid density and
viscosity of the Nafion solution were fixed at 0.87 x 10° kg m >
and 6.0 mPa s according to the manufacturer,” and those
parameters for other solutions including ultrapure water and
electrolyte were fixed at 1.00 x 10° kg m ® and 1.0 mPa s,
respectively. According to a previous work on water-sorption
properties of Nafion 117H,* the density of Nafion layers was
about 1.10 x 10° kg m™~>, which was employed for the Voigt-
based model fitting in this study.

2.4. Evaluation of adsorption of Fe(u)

Following the assembly and stabilization of the Nafion film,
a 10 mM Fe(m) solution was injected into the sensor modules
for 20 min (step IV in Fig. 1), with control tests carried out under
the same conditions but using pristine gold-plated crystal
sensors. These sensors were then subject to rinse with ultrapure
water (pH of 6.50) or acid solution (HCl in ultrapure water, pH
of 2.37), respectively (step V in Fig. 1). The normalized frequency
signals of the Nafion-coated crystals were obtained by deducting
the initial Af of Nafion film. All experiments were conducted in
triplicate with average value reported.

The relationship between the QCM-D results and Nafion
membrane performance was further evaluated by measuring

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra05510b

Open Access Article. Published on 24 July 2017. Downloaded on 4/13/2026 5:26:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Gold-plate )

QCM-D crystal sensor

Step I: Ultrapure water Step II: Step Il Ultrapure water
Stabilization Coating Rinsing
Water [ G°|(I1-P|ate I Nafion® : - : Water ’__CNafulan,ﬁlm__|
rystal sensor perfluorinated ; rystal sensor
QM- Holder resin solution QOM:D Holder

View Article Online

RSC Advances

QCM:-D crystal sensor

1
Fi FF j
" @
o
;
FOFES

Sedimentation (assembly) of Nafion on crystal sensors

Step IV:
Adsorption

Fe(ll) solution

Fe(lll) solution

(pH = 2.37) Crystal sensor __|

QCM-D Holder

Step V:
Rinsing
Fe(lll) precipitate ?
e e e ..
Water at
different pH Crystal sensor _l

QCM-D Holder

Evaluation of the adsorption behaviors of Fe(lll)

Fig.1 Experimental workflow for the self-assembly of Nafion film on QCM-D crystal sensors and evaluation of the interfacial behavior of Fe(in)

species.

the increase in membrane ohmic resistance as a result of Fe()
fouling. An IEM of the same material, Nafion® 117 membrane,
was used to evaluate the consequent membrane performance
after fouling. Briefly, 2 cm x 2 cm Nafion coupons were soaked
in the vessels containing 100 mL of 10 mM Fe(i) solution on an
orbital shaker table at 150 rpm. Membranes were withdrawn at
pre-determined time intervals. To evaluate the impacts of Fe(ur)
hydrolysis and/or structural transformation on Nafion perfor-
mance, parallel experiments were conducted according to the
procedure described above, except for the rinse of the with-
drawn coupons with copious amount of ultrapure water (pH of
6.50). Ohmic resistances of the membranes (R,,,) were measured
according to a protocol outlined previously.® 10 mM Fe(ur) was
added into the working electrolyte to avoid the possible
desorption of Fe(m) from the IEMs during the measurement in
0.1 M KClI solution.

2.5. Other analytical methods

The equivalent weight (EW) of the Nafion-H type materials was
determined to be 1100 + 21 by back titration of the hydrogen
ion that was exchanged from Nafion with 2 M NaOH solution
over 24 hours at ambient temperature (~25 °C). Ion exchange
capacity (IEC) was calculated as the reciprocal of EW, i.e., [EC =
1/EW.” To evaluate the relationship between the loss of IEC and
aqueous pH, pre-weighed Nafion 1100EW membranes were first
soaked in ultrapure water that was added with 1 M HCl or 1 M
NaOH solution to obtain a series of initial pH from 2.83 to
11.41. After either 2 or 24 h of reaction, membranes were gently
rinsed with copious amount of ultrapure water and then IEC
were measured according to the protocol described above.
Functional groups of the pristine and fouled Nafion
membranes were analysed on an attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy. The ATR-
FTIR spectra were collected using a Nicolet 5700 spectrometer

This journal is © The Royal Society of Chemistry 2017

(Thermo Electron Co., U.S.) at a 4 cm ™" resolution in the range
of 400 to 4000 cm ™ *. Prior to the measurement, the surface of
the membranes were dried with the use of lens wiping paper
following withdrawal from the solution. The membrane
topography was also characterized by the atomic force micro-
scope (AFM) technology (Multimode IV, Bruker Nano Surface,
USA) with the Nanoscope® control software used for image
acquisition.

3. Results and discussion

3.1. Characteristics of the Nafion film

Fig. 2a shows the time course results of Afs and AD5 during the
sedimentation (assembly) of Nafion films on the gold-plated
crystal sensors. Injection of the Nafion solution led to
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Fig. 2 Time course results of (a) representative frequency shift (Afs)
and dissipation shift (ADs) describing the assembly of Nafion films on
crystal sensors. Residual Afs of the films following rinse with ultrapure
water (step Il in Fig. 1) are specifically shown in the inset. (b) Mass
concentrations of the Nafion films as a function of Nafion injection
time.
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a decrease in Af; (i.e., an increase in |Afs|) (step II in Fig. 1) as
a result of (i) the change of the properties of the fluid and/or (ii)
the deposition of Nafion. It can be observed that the steady state
Afs following the injection of the Nafion solution was not
increased with prolonging the injection time, suggesting that
a dynamic adsorption balance could be established in a rela-
tively short injection time.>* The subsequent rinse with ultrapure
water (step III in Fig. 1) significantly decreased the resonance
frequencies (i.e., a dramatic decrease in |Af|). As can be seen
from Fig. 2a, it is likely that a longer injection time for step II
(Fig. 1) is in favor of the interaction between the Nafion and
crystal surface: i.e., following the rinse, the residual Af; (—16.7
Hz) at an injection time of 10 min is similar with that of 20 min
(—17.0 Hz) whilst exhibiting a much higher absolute value than
that of 5 min (—7.9 Hz) (the inset figure of Fig. 2a). The time-
resolved behavior of ADs; was comparable with that of Afs;
after the rinse with ultrapure water for 1000 s, the crystal sensors
showed residual ADs of 2.6, 5.0 and 4.9 x 10~ ° at an initial
injection of Nafion solution for 5, 10 and 20 min, respectively.
After stabilization of the residual response signals (following
step III in Fig. 1), Af and AD at the 3™, 5%, 7" 9™ and 11"
overtone were collected from the experiments and utilized for
model fitting. Despite the injection of Nafion solution for 10
and 20 min resulting in similar residual Af; (Fig. 2a), the Voigt-
based mass concentrations of Nafion films were different,
suggesting that the deposited Nafion did not form a homoge-
neous rigid layer on the crystal surface (Fig. 2b). Moreover, the
effects of the rinsing process on the properties of Nafion films
were evaluated by quantifying the loss of IEC of the Nafion
material as a function of the solution pH. Fig. S1 in the ESIf
shows that the loss of IEC is not significant in the pH range of
2.0-8.0, implying that the rinsing process using ultrapure water
(pH = 6.50) should not change the acid sites of the Nafion film.
An interpretation of the AD/Af from QCM-D results can
provide insights into the viscoelastic properties of the adsorbed
layers. As can be seen from Fig. 3a, |ADs/Af5| values for all the
three kinds of Nafion films are >0.2 x 10~ °. Upon rinsing with

—— 5min (a)
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—— 20 min

Rinsing
(Step lllin Fig.1)

|ADy/Af;| (1E-6)
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Fig.3 (a) Time course results of |ADs/Afs| changes during assembly of
Nafion films on crystal sensors as a function of Nafion injection time;
(b) schematic presentation of the structural transformation of the
Nafion film upon rinsing with ultrapure water. LAA represents lower
aliphatic alcohols.
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ultrapure water, |ADs/Afs| values were all decreased. The large
decrease in energy dissipation (Fig. 2a) is typical for a structural
transformation from a dissipative non-rigid structure to a stiffer
and most likely more compact structure, as observed in several
earlier model systems.**?® It is generally expected that the
assembly of heterogeneous Nafion film on the crystal sensors
might begin with the interaction between the hydrophobic body
parts of Nafion and crystal surface that leads to the formation of
an adsorptive monolayer,” followed by the further decoration of
the undeformed Nafion resin as a result of the affinity and steric
hindrance (Fig. 3b). After rinse, the loosely-adsorbed Nafion
were likely removed from the film with partial leaching of the
water-soluble LAA.*® As such, the layer became more rapid
(lower |ADs/Afs| values).”

Fig. 3a suggests that the injection time also affects the vari-
ation of viscoelastic properties of the Nafion film, ie., an
injection time of Nafion solution over 10 min resulted in a more
rigid film after rinsing. In view of the obtained results of this
study, a Nafion injection time of 10 min was finally chosen for
the assembly of Nafion film on the QCM-D crystal sensors.

3.2. Adsorption behaviors of Fe(m) species

Fig. 4 shows the adsorption and desorption behaviors of Fe(ur)
species on different surfaces. Two pH values (i.e., pH = 2.37 and
6.50) were evaluated in this study as they are typical for elec-
trochemical systems operated in acidic and circumneutral
conditions. It can be observed that the magnitude of frequency
changes (Afs) is highly associated with the nature of the sensor
surfaces; i.e., after the injection of 10 mM Fe(i) for 20 min (step
IV in Fig. 1), Af; were changed by —15.1 and —20.1 Hz on the
gold-plated crystal and Nafion film surface respectively, indi-
cating the stronger interaction between Nafion and Fe(u)
species. Specifically, a sharp increase in |Afs| was noticed
initially on the Nafion film (Fig. 4) followed by a process
exhibiting pseudo-first-order growth with an apparent rate

constant (kapp) of 0.0017 s~ (details could be found in Fig. S2 in

(a) (b) (c)
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Fig. 4 Interfacial behaviors of Fe(n) species on (a) pristine crystal

surface followed by the rinse with ultrapure water (pH = 6.50) and
Nafion film surface followed by the rinse with (b) ultrapure water and
(c) acid solution (pH = 2.37). Experimental conditions: injection time
for step IV = 20 min; [Fe(n)] = 10 mM.
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the ESIt), attributed to the limited surface site number of
Nafion and the constant Fe(ur) concentration. Release behaviors
of Fe(m) species from the pristine crystal surface and Nafion
film were then evaluated at different pH. When rinsed with
neutral ultrapure water (Fig. 4a and b), |Af;| of the Nafion film
underwent a transient decrease followed by a notable jump and
subsequent decline over time. In comparison, the jump of |Af;|
was not noticed during the rinsing process on the gold-plated
crystal surface. Furthermore, it can be noted from Fig. 4c that
continuous decline of |Af;| occurred when the Fe(m) bound
Nafion film subject to acidic elution (pH of 2.37), with the
observation of a rapid mass loss followed by a pseudo-first-order
decay giving kapp, of 0.0007 s~ .

In environmental applications of the IEMs, although it is
acknowledged that the interaction of Fe(m) species from the
electrolyte with the functional groups (e.g., -SO3;H) leads to
serious consequences such as the inhibition of ion transfer and
increase in system resistance,”® synthesis of the adsorption
behaviors of Fe(ur) on IEM surfaces is still scarce. Based on the
obtained results of this study and past literature,”'® the
following reaction pathways are therefore proposed (as shown
schematically in Fig. 5):

Initially, a heterogeneous fouling layer is likely developed on
the surface with exposure to water/wastewater containing Fe(i).
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Fig. 5 A schematic presentation of Fe(m) interfacial behaviors on
Nafion film surface at different pH.
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The formation of Fe(m) fouling can be associated with (i) the
loosely binding of Fe(in) species on Nafion film surface, (ii) iron
exchange of Fe(m) with -SO;H groups and/or (iii) trapping of
Fe(m) species (e.g., Fe-(oxyhydr)oxides) in the cluster-channel.?
As can be seen from Fig. 4b and c, upon elution under either
neutral or acidic condition, a rapid mass loss occurs at the
initial stage of step V (Fig. 1), which suggests the ease of
removing loosely bound Fe(m) species on the boundary of the
fouling layer as a result of the back-diffusion. After this, release
of Fe(m) exhibits a pH-dependent manner (Fig. 5): i.e., under the
neutral condition, hydrolysis of the bound and/or trapped Fe(u)
is generally expected due to the low solubility product of
FeOOH.* As such, a jump of |Afs| is observed in Fig. 4b. In
contrast, Fe(m) species could readily be removed from the
Nafion surface under the acidic condition. The lower kapp
(0.0007 s ') for the release process compared to the Fe(m)
adsorption process (0.0017 s~ ') implied the strong interaction
between Fe(m) and sulfonic groups. With prolonging of the
rinsing time, decline of |Af;5| was also noted on the Nafion film
under the neutral condition. Plausible explanations for this
phenomenon might include (i) the leaching of the precipitates
in the channel and/or (ii) the fretting of the Nafion film.

3.3. Correlation of the QCM-D results with Nafion
membrane performance

The relationship of the QCM-D results with Nafion membrane
performance was further evaluated by measuring the changes of
functional groups and ohmic resistance of Nafion membranes
as a result of Fe(u) deposition. Fig. 6a provides the ATR-FTIR
spectra of pristine Nafion 117 film and the fouled one upon
exposure to 10 mM Fe(m) solution for 60 min. Although the two
kinds of membranes have similar ATR-FTIR bands such as
shoulder peaks at 970 and 982 cm ™" assigned to C-O-C link-
ages, symmetric SO;~ stretching vibration at 1056 cm ™' and
shoulder peaks at 1146 and 1203 cm ™' representing symmetric
and asymmetric CF, vibrations,***> a major difference is the
appearance of Fe-O-Fe antisymmetric stretching mode of the p-
oxo bridged dimer at 870 cm ™" on the Fe(ur) fouled membrane.*®

Pristine

;
srgm Fouled

Transmittance
Af (Hz)

—af,

@ Unrinsed (R,) ||
-14

(@ B Rinsed (R,)

800 900 1000 1100 1200 1300 1400 0 10 20 30 40 50 60

Wavenumber (cm™) Time (min)

Fig. 6 (a) ATR-FTIR spectra of the pristine Nafion 117 film and the
fouled one upon exposure to 10 mM Fe(in) solution for 60 min. (b)
Kinetics modeling of Fe(i) adsorption on the Nafion film and its
prediction on membrane ohmic resistance (Ry). In (b), the grey circles
represent the R, of Nafion membrane measured following the
exposure to 10 mM Fe(in) solution without rinse, and the red squares
the R, measured after the rinse with copious amount of ultrapure
water (pH of 6.50).
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Fig. S3 in the ESIf shows the changes in the membrane
morphology following the binding of Fe(m) species. Small
bumps were observed on the surface of the fouled Nafion 117
membrane with the average roughness increased.

As can be seen from Fig. 6b, the membrane ohmic resistance
(Rm) is increased from 15.4 + 0.2 Q cm® to 18.2 + 0.1 Q cm?
upon fouling in 10 mM Fe(im) solution for 60 min. Considering
that the initially rapid jump of |Afs| that might be associated
with (i) the change of the properties of the fluid and/or (ii)
loosely binding of Fe(ur) species on Nafion film surface did not
cause a transient variation of ohmic resistance (Fig. 4b and 6b),
part of |Afs| exhibiting a pseudo-first-order growth (Fig. S2 in
the ESIt) was then used to predict the time course results of
R Fig. 6b shows that the interaction between aqueous Fe(in)
and Nafion surface functional groups should be responsible for
the deterioration of membrane performance. A similar conclu-
sion could be drawn in view of the change of specific resistance
(om) of the membranes (Fig. S4 in the ESIT). The QCM-D results
can provide a reasonable interpretation for the temporal
change of R,,.

Furthermore, it has been reported that Fe(ur) precipitation
due to pH variation is an important factor contributing to
inorganic and complex fouling in membrane filtration
processes.*** While hydrolysis of Fe(m) and/or structural
transformation of p-oxo bridged dimer to edge-sharing FeOg
octahedra are generally expected when providing neutral
elution (Fig. 4b and 5), this seems not to cause a further
increase of Ry, i.e., there is no significant difference between
the measured results using unrinsed and rinsed samples
(Fig. 6b). As such, we can preliminarily conclude that on
condition that Nafion surface sites are occupied by multivalent
metal ions, the membrane conductivity might not be lowered
due to the structural transformation of these species, despite
the reservation remaining that crystallization of Fe(m) can cause
changes of membrane surface physicochemical properties (e.g.,
roughness) resulting in possible interaction with other foulants
and deterioration of membrane performance.®*

In the present work, we present a novel approach to analyze
the chemical scaling on IEMs. Membrane thin films can be
formed on the crystal surfaces via sedimentation and/or spin-
coating methods,*® with the potentially expanded applications
in electrochemical membrane process including (i) the
measurement of molecular adsorption and/or interactions
taking place on the surface (ii) development and evaluation of
novel, antifouling conductive materials. Compared to the ex situ
characterizing technologies (e.g., SEM and ATR-FTIR), QCM-D
could provide a real-time analysis of the interfacial behavior
of ions and biopolymers on the IEM surface with the interpre-
tation of AD and Af revealing the viscoelastic properties of the
fouling layers.”*” Consideration could also be given to the
effects of different environmental parameters (e.g., temperature
and ionic strength) on the fouling behavior and performance of
IEMs under real conditions. Moreover, of particular interest is
a recent advance of Q-Sense module, QEM 401 that enables
simultaneous QCM-D and electrochemical impedance spec-
troscopy measurements.®” There is an illumination that QCM-D
experiments can provide real-time information on structure and
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interfacial charge transfer of thin films in the presence of
electric field, from which important rate coefficients can be
retrieved and used for (i) the modelling and/or (ii) prediction of
the transport of concerned foulants on conductive membranes
in future research.

4. Conclusions

In this study, Nafion thin film was successfully formed on the
crystal surface using a sedimentation method. The Nafion film
exhibited a non-rigid structure after the rinse, with a Voigt-
based mass concentration of ~500 ng cm > at a resin injec-
tion time of Nafion solution for 10 min. The QCM-D results
evidenced the adsorption behaviors of Fe(u) on Nafion film
surface: i.e., a transient deposition of Fe(m) likely occurred at
the initial stage, followed by a pseudo-first-order ongoing
process probably as a result of the interaction between Fe(u)
and Nafion surface sites that retarded the proton transfer
consequently. Although the variation pattern of Af; upon
neutral elution indicated the hydrolysis of Fe(m) and/or struc-
tural transformation of p-oxo bridged dimer, the electro-
chemical measurements indicated that this did not cause
a further deterioration of Nafion performance.
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