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Abstract: Fenton reactions that involve nano zero-valent iron (nZVI) have shown high promise
in the removal of organic pollutants. In this work, nZVI stabilized with carboxymethyl cellulose
(CMC) was evaluated for drimaren red X-6BN (DRX-6BN, 10 mg/L) and bisphenol-a (BPA, 800
mg/L) removal. Oxidation reactions were conducted for removal of both compounds by varying
nZVI/CMC concentration (0.01–5 g/L), hydrogen peroxide (H2O2, 0.01–0.1 g/L), and pH (3–9).
DRX-6BN degradation rate was the highest (kinetic constant (kobs) = 4.622 h−1) when working at
pH 3 and 3 g/L of nZVI/CMC. Increasing H2O2 concentration could not improve the reaction. For
BPA, all the conditions tested showed removals of more than 96% with 0.02 g/L of H2O2. This
result was compared with the activity of nZVI loaded in hydrophilic PVDF (Polyvinylidene fluoride)
membranes by polyacrylic acid (PAA) to entrap nanoparticles to the membrane surface. As expected,
the attachment of nZVI onto the membranes diminished nanoparticles’ activity; however, it is
important to highlight the need for preparing a stable catalytic membrane, which could enhance
pollutant removal of microfiltration membranes’ systems. This was confirmed by the percentage
of iron leaching from functionalized membranes, where a higher concentration of iron in the bulk
solution leads to enhancement on BPA removal. Issues with BPA diffusion resistance inside the pores
were overcome by conducting the nZVI/PAA/PVDF membranes in the cross-flow system, reaching
40% of BPA removal after 3 h of permeation.

Keywords: nZVI; PVDF membranes; Drimaren red X-6BN; Bisphenol-a; polyacrylic acid

1. Introduction

Fenton reactions that involve nano zero-valent iron (nZVI) as a catalyst has shown high promise in
the degradation of various recalcitrant contaminants (such as pharmaceuticals, personal care products,
and pesticides) in water by achieving their mineralization via •OH radical generation [1–3]. Due to
its characteristic as a strong reducing agent, nZVI has been also applied for the dechlorination of
trichloroethylene and polychlorinated biphenyls, as well as decolorization of dyes (reactive black 5
and reactive red 198) and removal of antibiotics (tetracycline) [4–7].

However, due to the fast aggregation of ZVI nanoparticles, which diminishes their activity quickly,
the surface modification for their stabilization applying carboxymethyl cellulose (CMC), polyelectrolyte

Processes 2019, 7, 904; doi:10.3390/pr7120904 www.mdpi.com/journal/processes



Processes 2019, 7, 904 2 of 18

multilayers, smectite, polyacrylic acid (PAA), poly(ethylene glycol) (PEG), or poly(methylmethacrylate)
has been widely investigated [6,8,9]. CMC polymer features highly effective on nZVI stability, leading
to nanoparticles with an average size of 10–100 nm [10,11] and maintaining or even increasing its
activity up to 40 times on triazine removal, for example [12].

Another technique to avoid nanoparticles aggregation is their immobilization in different porous
media, such as silica, activated carbon, resin, zeolite, and membranes [3,6,8,10,13,14]. In membranes,
for example, nZVI can improve the permeation process by lowering the deposition of contaminants
in the membrane surface as well as increasing its hydrophilicity [13]. This composite material has
been synthesized by different techniques (i.e., sol-gel process, in situ chemical reduction, and in
situ polymer action) [15], but the ion exchange rout shows high promise on increasing permeability
(e.g., 116% of improvement with 3% of AlCl3 loaded in polyvinylidene fluoride-PVDF-membrane)
and hydrophilicity (contact angle diminished from 73.60 to 52.30 in ZrO2/PES membrane) [16,17].
Moreover, nZVI composite membranes synthesized by the ion exchange rout show high stability of the
nanoparticles owing to the strong binding between the chelant agent active sites (i.e., PAA and PEG)
and the nZVI [18–21].

Because of the high promise on a stable material with a minimum loss of nanoparticles, these nZVI
composite membranes have been used for degradation of metronidazole, metoprolol, trichloroethylene,
and methylene blue as well as removal of metals, such as copper, nickel, chromium, bromate, and
cadmium, in water [18–23]. The described organic compounds are removed mostly by the reduction
pathway [18–21], leaving a lack of information about the oxidation of the target organic contaminants
by the nZVI composite membranes.

This work proposes an investigation of the efficiency of the nZVI composite membrane on
bisphenol-A (BPA) removal through the oxidation pathway by applying H2O2 as an oxidant. Also,
experiments with nZVI in solution, stabilized by CMC polymer, were conducted to evaluate drimaren
red X-6BN (DRX-6BN) and BPA removal and the results were compared with the efficiency of nZVI
composite membranes.

2. Materials and Methods

2.1. Chemicals and Reagents

The reagents iron (II) chloride tetrahydrate (FeCl2·4H2O, ≥99.0%), sodium borohydride
(NaBH4, ≥98.0%), acrylic acid (AA, 99.0%), potassium persulfate (K2S2O8, ≥99.0%), ethylene glycol
(EG, 99.5%), BPA (98%), CMC (90.000 Daltons), and polyvinylpyrrolidone (PVP) were purchased
from Sigma-Aldrich. Ethanol (anhydrous, ≥99.5%), N-Methyl-2-pyrrolidone (NMP, synthesis), and
hexane (mixture of isomers) were from Isofar. PVDF (Kynar® 740) was acquired from Arkema.
Hydrogen peroxide (H2O2, 50% v/v, 200 VLS) and acetone (99.5%) were purchased from Sumatex©
and Qhemis, respectively.

2.2. Synthesis of Nano Zero-Valent Iron (nZVI)/Carboxymethyl Cellulose (CMC)

nZVI preparation was adapted from previous work [10]. Briefly, 0.5 g of CMC was dissolved in
100 mL of deoxygenated ultra-pure water and 20 mL of FeCl2 solution (25.35 g/L) were added, followed
by sonication (150 RMS) for 30 min under N2 purge. 50 mL of NaBH4 solution (7.57 g/L) were added
dropwise to the solution/sonication/N2 system and sonicated for 2 h more. At the end of the reduction
reaction, nZVI were centrifuged (7000 rpm) and washed twice with acetone to remove unreacted
chemicals. The nanoparticles were then dried under N2 at 90 ◦C and stored under N2. Right before
using them for degradation experiments, nZVI were resuspended with water, in specific concentrations,
for 5 min under sonication and N2. The efficiency of nZVI synthesis provided 1.6 g nZVI/mL of
FeCl2 solution.
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2.3. nZVI/PAA/PVDF Membrane Preparation

Hydrophilic PVDF flat-sheet membranes were used as a chemical- and thermal-resistant porous
material for nZVI loading [10,13,24]. These membranes were prepared by phase inversion with the
immersion precipitation technique with 14% of PVDF and 7.5% of PVP in NMP. PVP was used as
a hydrophilic additive to improve nanoparticles’ loading [25]. After dissolving the polymers, the
polymeric solution was kept without stirring for 4 h to remove bubbles and then was cast on glass
plates (20 × 25 cm) with a 150 µm thickness knife. 7 min of environment air exposure (65% humidity)
and water/NMP:70/30 coagulation bath were conducted to enhance pore formation on the membrane.
The membranes were then immersed in ultra-pure water for 2 days, with water replacement twice per
day, followed by immersion in ethanol and hexane baths. Then, the hydrophilic PVDF membranes
were left to dry at room temperature. The as-prepared membranes showed an average pore size
of 0.6 µm.

nZVI immobilization in the hydrophilic PVDF membranes was achieved by in situ polymerization
of AA at the same time as the crosslink of PAA with PEG. The methodology of polymerization/crosslink
of PAA was adapted from previous work [10,24,26,27], which was based on dissolving the initiator
(K2S2O8) in deoxygenated ultra-pure water, followed by adding AA monomer and the crosslinking
agent (EG). Different concentrations of the reagents were evaluated for the hydrophilic PVDF membrane
functionalization, as described in Table 1. Hydrophilic PVDF membranes were immersed in the
polymerization solution for 5 min and at the best relation of iron loading/leaching, 10 mL of the
polymerization solution was filtrated (Millipore® filtration system) through the membrane. This
last step was tested to ensure that all pores of the hydrophilic PVDF membrane were functionalized
with PAA.

Table 1. Concentration of AA, EG, K2S2O8 and H2O in polymerization solution and contact time with
hydrophilic PVDF membrane for functionalization with PAA.

Membrane AA (wt. %) EG (mol % of AA) K2S2O8 (wt. %) Contact Time (min)

20% AA 20 1.0 1.0 5
30% AA 30 1.0 1.0 5

30% AA * 30 1.0 1.0 Filtration (10 mL) 1

40% AA 40 1.0 1.0 5
1 Membrane contact time in AA solution was replaced by filtration in dead-end mode: mean permeate flow rate of
0.12 L/h and membrane contact time with AA solution of 5 min. EG (ethylene glycol); AA (acrylic acid); PVDF
(Polyvinylidene fluoride); PAA (Polyacrylic acid).

Right after the contact with polymerization solution, AA/PVDF membranes were sandwiched
between two glass plates and put in a modified oven with N2 purge to avoid the presence of oxygen
that could lead to secondary reactions and constrain the linkage of PAA chains [10,24,26,27]. The oven
was set at 90 ◦C for 4 h of reaction. The glass plates were then cooled down to room temperature and
detached using ethanol.

PAA/PVDF membranes were loaded with nZVI by the ion exchange technique [10,24]. The
membranes were immersed in 200 mL of NaCl solution (4 g/L, pH 9.5–10.0—NaOH 0.5 mM) for 24 h,
followed by washing with ultra-pure water until pH 7.0 ± 0.5. Na+/PAA/PVDF membranes were
then put in contact with 200 mL of FeCl2 solution (1 g/L, pH 5.0–5.5) for 4 h under N2 purge. This
step is based on the facilitated ion exchange between Na+ and Fe2+/3+ on the active sites of PAA
(-COO−) [10,24]. nZVI/PAA/PVDF membranes were acquired with the contact of these membranes with
50 mL of NaBH4 (40 g/L). All the membranes (17.3 cm2) were stored in ethanol for the following tests.
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2.4. nZVI/CMC and nZVI/PAA/PVDF Membrane Characterization

A MiniFlex II-Rigaku diffractometer X-ray diffraction (XRD) was used to determinate the crystalline
structure of the nanoparticles. Size distribution and zeta potential of nZVI/CMC were verified by
Zetasizer Nano S-Malvern and Zeta Plus-BTC (BrookHaven Instruments Corporation), respectively.

FEI (Field Electron and Ion) Company Quanta 200, EDT (Everhart-Thornley detector), 90–100 µA,
a scanning electron microscopy (SEM) equipment, were used for investigation of membrane surface
morphology and the cross-section, as well as the nZVI/CMC. For the cross-section images, the
membranes were immersed in liquid N2 and fragmented into two pieces for proper view. The ImageJ
program was used as a tool to obtain the nanoparticles’ size and distribution as well as the average pore
size from PVDF membranes. PAA polymerization and cross-link were verified by Fourier transform
infrared spectroscopy (FTIR), FTIR 3100-Excalibur Series, Varian. The contact angle of the membranes
was measured by Dataphysics, German, OCA15 (Optical contact angle measuring and contour analysis
systems) equipment.

Nanoparticles’ concentration per area of membrane sheet was calculated by the diminished iron
concentration inside the FeCl2 solution after the ion exchange step (Na+

→ Fe2+/3+) (validated by
Gui et al. [10]). Total iron was measured by the Hach® kit (FerroVer® Iron reagent).

2.5. nZVI/CMC Activity for Drimaren Red X-6BN (DRX-6BN) and Bisphenol-a (BPA) Removal

To investigate nZVI/CMC efficiency, two organic recalcitrant compounds were evaluated:
DRX-6BN and BPA. The first is a complex organic molecule holding azo groups (-N=N-) in its
structure, and the latter is known as an endocrine disruptive which has two phenol groups [28,29].

The experiments for the target compounds’ degradation were conducted in tubes holding 40 mL
of total reaction in a shaker at 150 rpm and 25 ◦C. Samples were taken in specific times (0–4 h) and
filtrated using a syringe filter (cellulose acetate, 0.45 µm). The concentration of both compounds was
measured by a Shimadzu—UV1800 spectrophotometer with 276 and 511 nm wavelength for BPA and
DRX-6BN, respectively. Different concentrations of nZVI/CMC and H2O2, as well as a range of pH was
tested for DRX-6BN and BPA removal (Table 2).

Table 2. Experiments conducted for drimaren red X-6BN (DRX-6BN) and bisphenol-a (BPA) removal
according to pH, nZVI/CMC, and H2O2 concentration.

Compound Initial
Concentration nZVI/CMC (g/L) H2O2 (g/L) pH

(DRX-6BN)0 = 10 mg/L 0.1 0.1 5.0
0.5 0.1 5.0
1 0.1 5.0
2 0.1 5.0
3 0.01 3.0
3 0.05 3.0
3 0.1 3.0
3 0.1 5.0
3 0.1 7.0
3 0.1 9.0
5 0.1 5.0

(BPA)0 = 800 mg/L 0.1 0.02 3.0
0.5 0.02 3.0
1.0 0.02 3.0

2.6. nZVI/PAA/PVDF Membrane Activity for BPA Removal

nZVI/PAA/PVDF membranes were first tested in solution to evaluate the relation of the percentage
of iron loading (i.e., according to different percentages of AA polymeric solution described in Table 1),
BPA removal, and iron leaching. The membranes were immersed in a BPA solution (800 mg/L) with a
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specific volume to reach a concentration of 0.1 g/L of nZVI for each membrane. H2O2 concentration
was set at 0.02 g/L after promising results acquired from the nZVI/CMC tests. Although the tests with
nZVI/CMC presented pH 3.0 as the best condition for the target compounds removal, the experiments
with nZVI/PAA/PVDF membranes were carried out at pH 5.0 to avoid nanoparticles’ detachment from
PAA active sites, thus enhancing membrane lifetime. Samples were taken with 1 and 24 h, also filtrated
through a syringe filter.

The best condition of the above tests was used to fabricate the nZVI/PAA/PVDF membrane and to
evaluate its activity in convective mode. The cross-flow membrane system with 12.6 cm2 of active area
cell, operated with recirculation of retentate and the Remco 3323-2F1-82B pump, was used for BPA
(800 mg/L) removal. A pressure gauge (set at 1 bar) was installed in the concentrate, followed by a
pressure regulator. The reservoir (1.5 L) received constant concentrate and permeate feeds. Samples of
5 mL were collected in specific times (0–3 h) from the permeate for analysis of BPA concentration. The
flux was measured by the time that the permeate took to achieve a certain volume (i.e., the volume
changed from 5 to 50 mL according to the flux and the membrane). Fenton reaction, driven by
nZVI/PAA/PVDF membranes and H2O2 (0 and 20 mg/L) in the feed solution, was investigated at pH 5
to avoid nanoparticles’ detachment from PAA active sites, thus enhancing membrane lifetime. PVDF
membranes were also tested in other to verify the adsorption phenomena of BPA into the membranes.

3. Results and Discussion

3.1. Nanoparticles’ Characterization

nZVI/CMC nanoparticles’ formation was confirmed by the analysis shown in Figure 1. Size
distribution (Figure 1A) revealed nZVI/CMC particles with two major peaks at the size of 75.6 nm
(width: 32.8 nm) and 417.7 nm (width: 187.1 nm), as well as the z-average diameter of 109.0 nm
(Polydispersity Index-PDI: 0.483). As CMC polymer acts as a stabilizer to avoid nanoparticles’
aggregation by implying negative charges in the upper layer [3,9,10], its presence as a nonreacted
polymer in the sample solution could generate the double peak. This was confirmed (Figure 1B) by
the peak at 624.6 nm (width: 102.0 nm) and z-average diameter of 1067 nm (PDI: 0.633) for just CMC
particles in the solution. The SEM image (Figure 1E) of nZVI/CMC suggests nanoparticles with an
average size of 60 nm. Applying the same technique, Gui et al. achieved iron oxides nanoparticles with
76 nm of diameter due to agglomeration effects [10]. XRD (Figure 1C) also confirmed the reduction of
Fe2+/3+ to Fe0 (α-Fe = 44.70, 65.20, and 82.40) as well as the presence of Fe2O4 (35.60, 56.90, and 62.30).
The surface of the nanoparticles were revealed to be negatively charged at pH ≥ 3.0 (Figure 1D), which
can be associated with the presence of CMC (dissociation constant-pKa. = 4.0), presenting carbonyl
groups (-COO−) dissociated [10].

3.2. BPA and Dye Removal by nZVI in Solution

nZVI has been widely studied for the oxidation of pharmaceuticals and herbicides because of its
capability of reducing dissolved oxygen (O2) and producing H2O2, which reacts with the iron leached
from the material to generate hydroxyl radicals (•OH) [3,8,30]. Generally, this approach was followed
by deactivation of the catalyst in a short period, diminishing the efficiency of the system. Thus, to
increase the kinetics of DRX-6BN removal by nZVI/CMC, the behavior of a fixed dose of H2O2 (0.1 g/L)
at different nanoparticles’ concentration was investigated in this work (Figure 2).
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Figure 2. (A) DRX-6BN removal and (B) kinetics. Conditions: DRX-6BN0 = 10 mg/L, nZVI/CMC =

0–5 g/L, H2O2 = 0.1 g/L and pH 5.0.

The results show that increasing nanoparticles’ concentration from 0.5 to 1.0 g/L led to
improvements on dye removal up to 36%, at 3 g/L reaching the best relation of nanoparticles/H2O2

with 44% of DRX-6BN removal within 4 h. A higher concentration of nZVI/CMC—5 g/L-requires more
H2O2 available for •OH formation, as a result, DRX-6BN removal was similar to that achieved with
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3 g/L of nanoparticles. Reaction kinetics were further investigated (Figure 2B), thus the data presented
on Figure 2A were fitted to pseudo-first-order model according to Equation (1),

ln
C0

C
= kobs × t, (1)

where C0 and C is the initial (t = t0 = 0) and final (t = t0+i) concentration of DRX-6BN, kobs is the rate
constant of pseudo-first order (h−1), and t is the reaction time (h).

The kinetic removal of DRX-6BN was almost 8-fold higher when the nZVI/CMC concentration
increased from 0.5 to 1.0 g/L (i.e., kobs 0.012 and 0.093 h−1, respectively). However, nanoparticles’
concentration at 2 g/L had a slight augment in kobs (0.108 h−1) compared to 1.0 g/L of nZVI, increasing
to 0.138 h−1 with 3 g/L. Thus, the concentration of nZVI/CMC at 3 g/L showed the best condition
for further experiments, representing the least concentration of catalyst that gave the maximum
removal response.

Fenton reactions show high effectiveness on organic contaminants’ degradation [1,2,8,30]. This is
a result of inducing the generation of •OH according to Equation (2),

Fe2+ + H2O2 = Fe3+ + •OH + OH−, (2)

where Fe2+ is converted to Fe3+ by reducing H2O2 [30].
According to Harada et al. [30], ZVI nanoparticles are capable to generate •OH radicals by the

corrosion of Fe2+ from the nanoparticle surface [30]. H2O2 also generated by the oxygen presented in
the solution (Equation (3)) will react with Fe2+ released to form •OH radicals (Equation (2)) [30,31].
Also, Fe2+ leaching can be seen by the reaction between nZVI and H2O as in Equation (4) [31],

O2 + Fe0 + 2H+
→ Fe2+ + H2O2, (3)

2H2O + 2Fe0
→ 2Fe2+ + 2OH− + H2 (4)

When this process occurs at pH ≥ 7, OH− ions are in abundance and react with iron ions in the
solution to form hydroxides or oxygenized species (e.g., Fe(OH)2, Fe(OH)3, Fe2O3, FeO, Fe3O4, and
FeOOH), decreasing the efficiency of radicals’ generation [1,2,30]. Yet, the application of nZVI to these
systems is suggested as a catalyst capable of inducing •OH formation in pH near to neutral by the
corrosion of the nanoparticle surface, which is mediated by the presence of O2 [3,8]. Furthermore,
Harada et al. depict the behavior of nZVI and the gradual enhancement of •OH formation when the
pH is decreased from 7 to 3 in oxygenated water [30].

To verify the role of pH on nZVI/CMC activity for organic compounds’ removal, Figure 3A
presents the degradation of XRD-6BN according to different pH values at 3 g/L of catalyst and 0.1 g/L
of H2O2. The results show that at basic pH (9 and 7), just a slight dye removal (30% in both conditions)
was achieved, whereas at pH 3, XRD-6BN concentration dropped almost instantaneously (i.e., 78% in
5 min), reaching more than 99.9% of removal in 1 h of reaction. Kinetic constants were also calculated
by Equation (1). In Figure 3B, the reaction with pH 3 shows kobs equal to 4.513 h−1, while for pH 7
and 9 it is 0.089 and 0.092 h−1 of kobs. These results imply that the pH is still a variable that must be
taken into consideration for reactions with nZVI/CMC. It is worthwhile to point out that works that
had applied nZVI supported in other materials, such as resins, bentonite, and PVP, could reach dye
removals more than 95% at pH higher than 5.6 [8]. In those cases, adsorption phenomena could be
involved, enhancing the overall results.
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To validate the oxidant concentration avoiding its excess, the H2O2 dose was varied from 0.01 to
0.1 g/L, with 3 g/L of nZVI/CMC at pH 3 (Figure 4). The results did not show any difference between
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the conditions, reaching, at 20 min, 93% of XRD-6BN removal. Kinetic constants also remained the
same (kobs ≈ 4.6).
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The removal behavior of XRD-6BN by Fenton-like reactions with the nZVI/CMC catalyst worked
as a probe to the following reactions with BPA. So, to investigate whether the nanoparticles are efficient
on BPA removal for further experiments with nZVI impregnated on membranes, experiments were
conducted varying nZVI/CMC concentration at a fixed H2O2 dose (0.02 g/L) and pH 3. High BPA
concentration (800 mg/L) was selected to diminish adsorption phenomena effects on further tests with
polymeric membranes. Table 3 shows the high efficiency of BPA removal by the nZVI/CMC/H2O2

system at pH 3. With 0.5 and 1.0 g/L of nZVI/CMC, the compound was not detected within 1 h of
reaction. However, using 0.1 g/L of catalyst, the removal percentage decayed to 96%. This result served
as a pre-concept for the experiments with nZVI impregnated onto membranes.

Table 3. BPA removal by different concentrations of nZVI at pH 3.0, 20 mg/L H2O2, and 1 h of reaction.
BPA0 = 800 mg/L.

nZVI/CMC (g/L) BPA Removal (%)

0.1 96
0.5 100
1 100

3.3. PAA Functionalized PVDF Membranes and Correlation with nZVI Loading, Iron Leaching,
and BPA Removal

Different degrees of PAA functionalization on PVDF membranes have been addressed by previous
work [13]. Islam et al. correlated the mass gain of PAA/PVDF membranes to the AA content in
polymerization solution and percentage of crosslink agent as well as the iron loading, reaching a specific
condition (e.g., 20% wt. of AA and 1% mol of acrylamide) for the maximum of iron in the membranes [13].
However, a comprehensive mechanism on iron leaching according to the PAA functionalization degree
and the effectiveness of these systems is still obscure for nZVI/PAA/PVDF membranes.

In order to enlighten the role of iron leaching from nZVI/PAA/PVDF membranes, Figure 5 depicts
different percentages of it and the correlated BPA removal. The results with 1 h of reaction (Figure 5A)
showed an augment on BPA removal according to dissolved iron in the bulk (i.e., 17.5%, 24.0%, 60.5%,
and 98.5% of BPA removal with 0%, 0%, 3%, and 4% of iron leaching from the membrane, for the 30%
AA*, 30% AA, 20% AA, and 40% AA membranes, respectively). Non-detected residuals of iron leachate
could be involved in BPA removal for 30% AA prepared membranes. Adsorption phenomena are likely
involved, representing 0.7% of BPA removal (i.e., experiment conducted at the same conditions but
with PVDF membrane). Tests conducted with just BPA and BPA/H2O2 did not present any significant
removal (<0.1%).

Longer reaction time (24 h) enhanced the overall BPA removal (Figure 5B), once iron leaching
increased for almost all membranes (i.e., 37.2%, 51.5%, 82.2%, and 100% of BPA removal with 0%, 1%,
3%, and 16% of iron leaching, respectively). According to Equation (2), Fe2+ must be in the solution
to generate •OH radicals for organic pollutant removal. The longer time was also favorable to blank
reactions, where BPA volatilization and adsorption was 5.3% and 14.5%, respectively. This behavior
suggests that adsorption phenomena achieved the equilibrium within 24 h and during this time, BPA
is subjected to volatilization. Considering the membranes which did not present increases on iron
leaching (i.e., 20% AA and 30% AA*), the longer time revealed the diffusion resistance as a parameter
that must be considered, once the target compound needs to adsorb into the pore’s material to be
degraded by the oxidant species. These results confirm the decrease of nanoparticles’ activity when
they are impregnated on supporting materials [10].
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Figure 5. nZVI loading and BPA removal according to iron leaching from nZVI/PAA/PVDF membranes
prepared with 20%, 30%, and 40% of AA. 30% AA* = nZVI/PAA/PVDF membrane prepared with
filtration of AA polymeric solution. (A) 1 h and (B) 24 h of reaction at pH 5.0, 0.1 g/L nZVI (impregnated in
the membrane), 20 mg/L H2O2, and (BPA)0 = 800 mg/L.

Regarding the membranes which did not present detectable iron leaching after 1 h of reaction
(membrane prepared with 30% of AA), improvements on PAA functionalization were performed to
ensure that all membranes pores were filled. 10 mL of 30% AA polymeric solution was filtrated through
the PVDF membrane (30% AA*). As a result, nanoparticles’ loading increased (0.69 mg/cm2) compared
to the membranes prepared with immersion in the AA polymeric solution (0.42 mg/cm2, Figure 5).
Membranes prepared with 20% AA leached 3% of its impregnated iron (0.35 mg/cm2) and the ones
prepared with 40% showed an increase in iron leaching from 4% to 16% (reaction time of 1 and 24 h,
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respectively). A specific combination of AA monomer and crosslink agent should be achieved in order
to obtain the maximum deprotonated carboxyl groups for nanoparticles’ loading [13]. At the same
time, the crosslink must be sufficient to properly entrap nanoparticles in the polymer chain and avoid
leaching effects. A higher ratio of crosslinker/AA can diminish the number of active sites available
for nanoparticles’ loading, once the same carboxyl groups will be responsible for both nanoparticles’
adhesion and crosslink [10,13,24]. Thus, in this current work, the membranes with 40% of AA could
not achieve the necessary degree of PAA crosslink (i.e., low ratio of crosslinker/AA), rapidly losing the
nZVI impregnated, although nZVI inside the membrane was the highest (1.27 mg/cm2). Otherwise,
20% of AA could enhance PAA crosslink (i.e., there was no iron leaching after 1 h of reaction) but lower
nZVI loading.

It is important to highlight the need for preparing a stable catalytic membrane, which could enhance
organic pollutant removal without losing its activity. So, considering the percentage of pollutant
removal and oxidant diffusion into the membrane matrix and their contact with the impregnated nZVI
on the surface and inside the pores, the membrane 30% AA* was chosen for the cross-flow experiments.

3.4. nZVI/PAA/PVDF Membrane Characterization

Membranes prepared with 30% of AA were characterized according to the techniques shown
in Figure 6. The SEM image (Figure 6A) reveals agglomerated nanoparticles on the surface of the
membrane. EDS (Energy Dispersive X-Ray Spectroscopy) (Figure 6C) confirms the presence of iron
and suggests that it is mostly in the oxidized form. However, this could not be confirmed by X-ray
Diffraction (XRD) once the PVDF polymer suppresses the signal from iron species. Nevertheless, FTIR
(Figure 6B) could prove the iron loading by the shift of C=O stretches from 1718.1 to 1557.8 cm−1, once
nZVI is bonded to carboxyl groups from PAA [10]. FTIR spectra also present the -CF2- bond stretching
(1000–1360 cm−1) without any change between the different membranes, which is characteristic of
PVDF polymer [10]. The PAA crosslink could be evidenced with the appearance of C-O-C stretching
vibrations in 1231.5 cm−1; however, this bonding is suppressed when the nZVI is loaded [32]. C=O
bond stretching related to PVP polymer is presented at 1560.7 cm−1 on the PVDF membrane and
shifted to 1652.3 cm−1 with PAA functionalization. This is an indication that PVP has some interaction
with the PAA functionalized in the surface of the membrane due to hydrogen bonds [33]. Regarding
nZVI loading, the C=O stretching from PVP remained in the same wavelength (1652.3 cm−1) as the
PAA/PVDF membrane. The contact angle of the membranes was also measured, resulting in 43.70

for PVDF membrane and zero for PAA/PVDF and nZVI/PAA/PVDF membranes (Figure 6D). This is
related to the high hydrophilicity of hydrogels features like PAA [34].
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Figure 6. Membrane characterization according to: (A) nZVI membrane SEM (magnitude 10 k),
(B) Fourier transform infrared spectroscopy (FTIR) of PVDF, PAA/PVDF and nZVI/PAA/PVDF
membranes, (C) EDS (Energy Dispersive X-Ray Spectroscopyof) nZVI membrane, and (D) Contact
angle picture of PVDF membrane. PVDF (Polyvinylidene fluoride); PAA (Polyacrylic acid).

3.5. BPA Removal in Convective Mode

To investigate the feasible application of the nZVI/PAA/PVDF membrane as well as to verify
a possible improvement on BPA removal as a consequence of diffusion resistance lowering,
these membranes were applied on a cross-flow system. As discussed before, nanoparticles can
be a great advantage, especially when loaded in microfiltration membranes, once their major
separation is driven by size-exclusion phenomena, imputing catalytic characteristics for micropollutant
degradation [10,13,35].

Results from BPA removal in convective mode are shown in Figure 7A. Interaction between BPA
and PVDF membranes due to adsorption phenomena [36,37] is illustrated with the reduction of BPA
concentration (16%) after 3 h of permeation. When these membranes are loaded with nZVI, BPA
removal presented a substantial increase, achieving 40% in 3 h, with the major activity within 30 min
(33% of BPA removal). This behavior indicates the generation of •OH radicals by nZVI in the presence
of dissolved O2 and pH ≤ 7.0, as discussed before [30]. It also highlights the advantage of nanoparticles
loading into microfiltration membranes for organic compounds’ removal. The addition of H2O2 to
the feed solution had just a slight improvement on BPA removal (43% in 3 h). In this case, the major
difference was within 15 min, where the BPA removal was 10% more than the process without H2O2.
As the H2O2 concentration increased from 0 to 20 mg/L, so the reaction of Equation (2) was dislocated
to the direction of product formation, increasing •OH radicals’ generation in the early minutes. Longer
times facilitate nZVI deactivation by iron oxides depositions on the upper surface, as discussed
before [10,30]. The highest BPA removal for the permeation with 20 mg/L of H2O2 could also be related



Processes 2019, 7, 904 15 of 18

to the flux of these membranes (Figure 7B), which was lower (143 L/m2
·h in 5 min; residence time = 10 s)

than the process without oxidant addition (295 L/m2
·h in 5 min; residence time = 5 s). According to

Islam et al., the residence time of the target compound inside the membrane is important to enhance
oxidation reactions [13]. The authors describe that by increasing it from 5 to 42 s, the dechlorination of
pentachlorobiphenyl increased by almost 15% for the Pd/nZVI/PAA/PVDF membranes.
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Figure 7. (A) BPA removal and (B) flux of PVDF and nZVI/PAA/PVDF membranes. Conditions:
pressure 1 bar, pH 5.0, (BPA)0 = 800 mg/L, and (H2O2)0 = 0 and 20 mg/L.

Comparing the results from permeation in the cross-flow system (Figure 7A) and nZVI/PAA/PVDF
membranes in solution (Figure 5A) with 1 h of reaction, the first one achieved 25% more BPA removal as
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expected, once in convective mode problems with diffusion of the target compound were overcome [13].
Moreover, when the nZVI is used in solution (i.e., experimental conditions: 1 g/L of nZVI at pH 5 and
20 mg/L of BPA), 16% of BPA removal in 1 h of reaction was reported [38]. Considering the cross-flow
system working in batch mode with recirculation of permeate and retentate and the total volume
of feed solution with 1.5 L, nanoparticles’ concentration used in this work was 0.04 mg/L. So, even
though concentration in the permeation process of ZVI nanoparticles is more than 1000 times lower,
BPA removal is 2 times more than the reactions with nZVI in solution. These results could be due to
the turbulence intrinsic from the permeation process that enhances dissolved O2 in the system.

4. Conclusions

nZVI/CMC in solution was evaluated for DRX-6BN and BPA removal and the results of the
latter organic compound were compared with the efficiency of nZVI composite membranes in
solution and the cross-flow system. Besides the high degradation rate of nZVI/CMC on the target
compounds, when the nanoparticles are loaded in porous materials as PVDF membranes, their
activities diminished substantially. This was confirmed according to the percentage of iron leaching
from the nZVI/PAA/PVDF membranes, where a higher concentration of iron species in the bulk solution
leads to enhancement of BPA removal. Problems with iron leaching were addressed by reaching the
best relation of AA/EG (AA = 30% and EG = 1% mol AA) and higher nZVI loading was achieved by
filtrating the AA polymeric solution through the PVDF membrane. Diffusion resistance issues were
also depicted as an important parameter for porous materials, which were overcome by conducting
the nZVI/PAA/PVDF membranes in a cross-flow system. Regarding the membrane separation process,
nZVI poses as an important additive to microfiltration membranes, reaching 40% of BPA removal
against 16% of adsorption on the neat membranes.
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