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Abstract: Fouling has been widely recognized as the Achilles’ heel of membrane processes and
the growing perception about the relevance of this critical issue has driven the development of
advanced antifouling strategies. Herein, novel fouling-resistant ultrafiltration (UF) membranes for
Cadmium (Cd) remediation were developed via a blending method by combining the flexibility
of cellulose acetate (CA) with the complex properties of poly (acrylic acid) (PAA). A systematic
characterization, based on differential scanning calorimetry (DSC) and Fourier Transform Infrared
Spectroscopy (FTIR), confirmed the homogeneity of the blend favored by hydrogen interconnections
between CA and PAA polymeric chains. The concentration of PAA with respect to CA played a key
role in tuning the morphology and the hydrophilic character of the novel UF membranes prepared via
non-solvent-induced phase separation (NIPS). UF experiments revealed the tremendous advantages
of the blend since CA/PAA membranes showed superior performance with respect to the neat CA
membrane in terms of (i) water permeability; (ii) Cd rejection; and (iii) antifouling resistance to humic
acid (HA). Concisely, the increasing of the concentration of PAA in the casting solution was found to
be beneficial to improve the flux recovery ratio (FRR) coupled with the decline of the total fouling
ratio (Rt). Overall, PAA is an effective additive to prepare CA membranes with enhanced antifouling
properties exploitable for the remediation of water bodies contaminated by heavy metals via UF
process.

Keywords: ultrafiltration membrane; blend; cellulose acetate; humic acid; antifouling membrane;
heavy metal removal

1. Introduction

During the past decade, pressure-driven membrane processes have been gaining
more attention as a sustainable and efficient technology for water treatment to address the
global challenges related to water scarcity and the pollution of aquatic environments [1].
In this scenario, ultrafiltration (UF) is a well-established technology for the purification of
contaminated water bodies enabling an efficient and cost-saving low-pressure filtration. In
fact, compactness, modularity, easy automation and high removal rate of turbidity, organic
matters (such as humic substances), and viruses are the main features of UF process highly
desired in a wide range of industrial applications [2–4]. The mechanism of separation in
UF is basically governed by the pore size exclusion impaired by the trade-off between
selectivity and permeability; thus, UF membranes (pore size from 20 nm to 0.1 µm) are
ineffective in rejecting small molecules and ions, such as heavy metals [5,6].
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Nevertheless, functional water-soluble polymers with reasonably high molecular
weights are exploited as heavy-metal-binding macro-ligands, resulting in complexes easily
rejected by UF membranes [7]. The drawbacks of this approach are: (i) the disposal of
the by-products of water treatment consisting in heavy metals enriched slurries [8]; and
(ii) membrane fouling, negatively impacting on the cost of the process (energy, operation,
and maintenance), the lifespan of the membrane, and the performance of the filtration
unit [9]. In fact, fouling is basically caused by adsorption, precipitation, or sedimentation of
large metal–polymer complexes on the membrane surface generating a cake layer and/or
blocking the pores, thus compromising the permeability of the membrane [10].

Definitively, future perspectives should be aligned towards the development of the
next generation of antifouling UF membranes [11,12]. Different strategies have been
adopted for fouling mitigation, such as the chemical or physical surface modification of
UF membranes (i.e., layer by layer, dip-coating, and plasma treatment) at the expense
of a decline in permeability due to pore and porosity constriction [13–18]. Moreover,
concerns have arisen regarding the feasibility of membrane modification strategies on
a large scale due to a lack of uniformity, reproducibility, stability, process control, and
reasonable cost [19].

Polymer blending emerged as a simple, scalable, and economically viable method to
produce a single-step high-performance membrane with antifouling behavior [20]. For
instance, the blending of poly (vinylidene fluoride) (PVDF) with a quaternary ammonium
compound assembled on carbon material was considered an effective strategy to fabricate
anti-biofouling membranes for water and wastewater treatment [21]. Polystyrene (PS) with
poly(methyl methacrylate) (PMMA) showed excellent results in controlling and hindering
membrane biofouling [22], and poly (methyl methacrylate-co-2-hydroxyethyl methacrylate)
blended with PVDF was studied for selective adsorption of Ru(III) [23].

Cellulose acetate (CA) has been extensively studied in UF membranes preparation
because of its processability, biocompatibility, hydrophilicity, and low price, but its practical
exploitation has been hampered by the absence of reactive functional groups on the polymer
backbones responsible for selective interactions. On the other hand, poly (acrylic acid)
(PAA) has been widely recognized as an ideal complexing agent for heavy metals thanks
to a large number of carboxyl groups allowing one to efficiently adsorb or chelate heavy
metal ions [24,25]. Additionally, few studies have been focused on the evaluation of the
PAA in membrane processes employed in heavy metal removal [26].

Herein, PAA was blended with CA for the preparation of UF membranes via non-
solvent-induced phase separation (NIPS). The study aims to elucidate the effects of the
PAA on physicochemical properties of CA membranes with a special focus on the impact
of the blended PAA/CA membranes in the Cadmium (Cd) remediation.

Overall, the blending of PAA/CA addresses two main issues associated with UF
membranes: (i) mitigation of the fouling phenomena and (ii) the improvement of the
efficiency of the CA membrane on heavy metal rejection.

2. Materials and Methods
2.1. Materials

Cellulose acetate (CA) (MW = 30,000 g/mol) and poly (acrylic acid) (PAA,
MW = 100,000 g/mol, 35 wt. %), acetone, formamide, cadmium sulfate (CdSO4), hy-
drochloric acid, and sodium hydroxide solutions were purchased from Sigma Aldrich.
Humic acid (HA) was supplied by LOBA Chemie. All the chemicals were used without
any further purification.

2.2. Membrane Preparation

Polymeric dopes solutions were prepared dissolving both CA and PAA in a mixture of
solvents (acetone/formamide: 2/1). The total polymer concentration was fixed at 18 wt. %,
according to our previous study [27], whereas the percentage of PAA with respect to the
polymer content was varied from 0 wt. % to 15 wt. %. Then, the solutions were magnetically
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stirred for 4 h at room temperature until the complete dissolution of the polymers and
subsequently degassed for 24 h. Finally, the dope solutions were cast successively onto
a glass plate with a casting knife set at 200 µm of thickness and immersed in a water
coagulation bath, at room temperature, according to NIPS process [28,29]. The obtained
membranes were washed for 10 min using distilled water at room temperature and in a
second step at 60 ◦C in order to remove the residual traces of solvents. Table 1 summarized
the composition of the blends employed to prepared CA and CA/PAA UF membranes.

Table 1. Composition of the polymeric solutions employed for membranes preparation.

Membrane Name
Blend Composition

CA wt. % PAA wt. %

M0 100 0

M8 92 8

M15 85 15

2.3. Membrane Characterization

• Fourier Transform infrared spectroscopy (FTIR)

The chemical structures of the CA and CA/PAA membranes were investigated by
Fourier Transform infrared spectroscopy (FTIR) (IRAffinit-1S, Shimadzu Corporation s.r.l.,
Kadikoy—Istanbul, Turkey) in the spectral range of 4000–400 cm−1. Five different points
in the membranes sample were analyzed. The spectra were obtained with a resolution of
0.5 cm−1.

• Scanning Electron Microscopy (SEM)

CA and CA/PAA UF membranes morphology were analyzed via scanning electron
microscopy (Zeiss EVO MA 100, Assing, Italy). SEM pictures of both the membranes
surface (top and bottom side) and cross section pictures were acquired. In particular, cross
section samples were prepared fractured the membrane in liquid nitrogen. Before the
observation, the samples were sputter-coated with a thin gold film using a rotary pumped
coater (Quorum Q150R S, Quorumtech, Lewes, UK).

• Differential Scanning Calorimetry (DSC)

Further investigations on the properties of the CA-PAA blend were carried-out by
studying the thermal behaviour of the prepared membranes in terms of glass transition
temperature (Tg), melting temperature (Tm), and degradation temperature (Td), measured
by differential scanning calorimetry (Heat flux DSC 4000, Perkin-Elmer, Japan). The
samples were heated from 0 ◦C to 450 ◦C at a controlled heating rate of 10 ◦C/min, with
accuracy of ±0.1 ◦C and precision ±0.02 ◦C.

• Contact Angle

CA and CA/PAA UF membranes’ hydrophilicity was evaluated using attension theta
automated optical tensiometer (ATA Scientific, Taren Point, Australia). Ten measurements
for each membrane were performed using ultra-pure water (5 µL, volume of the drop), at
room temperature. The average values and the standard deviations were reported.

• Water Content (%)

The water content of the membranes (affinity towards water) was estimated through
a series of gravimetric measurements according to protocol already described in litera-
ture [30]. Membrane samples were initially cut (1 cm2) and then immersed in deionized
water for 24 h at room temperature. Subsequently, the wet samples were weighted (Ww),
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dried for 48 h at 60 ◦C, and weighted once again (Wd). The percentage of water content
was calculated using the Equation (1):

% Water uptake =
Ww − Wd

Ww
× 100 (1)

For each membrane, three measurements were performed and the average values and
corresponding standard deviation were calculated and reported.

• Porosity (%) and Pore Size

CA and CA/PAA UF membrane porosity (ε) was determined by gravimetric
method [29,31], employing Equation (2):

ε =
Ww − Wd
A × l × ρ × 100 (2)

where A, l, and ρ are the membrane filtration area (cm2) and the thickness (cm) of membrane
and the density of water (0.998 g cm−3), respectively. In addition, the mean pore radius
was performed through the Guerout–Elford–Ferry equation (Equation (3)) [32]:

rm =

√
(2.9 − 1.75)8ηlQ

εA∆P
(3)

where ε (%) is the average porosity of the membrane, η is the water viscosity (8.9 × 10−4 Pa s),
l is the membrane thickness (m), Q is the volume of permeate water per unit time (m3 s−1),
and A is the membrane effective area (m2) and ∆P (MPa) the operational pressure. The
average and the corresponding standard deviation for porosity and pore size measures
were reported.

2.4. Pure Water Permeability and Anti-Fouling Tests

Ultrafiltration tests were conducted using a pressurized nitrogen gas dead-end cell
filtration system (Millipore). The total volume of the cell was 350 mL, with an effective
area of 28.26 cm2. The experiments were performed at room temperature, and the feed was
stirred at 110 rpm. Before the test, the membrane was compacted for 30 min at 5 bar with
distilled water. The operative pressure was varied from 1 to 5 bar; each test was anticipated
by a stabilization period of 10 min. The permeate was collected every 5 min for 1 h, and
flux was calculated according to Equation (4):

Jw =
V

A × t
(4)

where Jw is the water flux (L m−2 h−1), V is the of permeate volume (L), A is the membrane
area (m2), and t is the time (h).

To measure the rejection and anti-fouling efficiency of the membranes, solutions of
humic acid (HA) at a concentration of 100 mg L−1 were employed as feed and the flux (JHA)
was calculated again. The physicochemical properties of the HA solution are reported in
Table 2.

Table 2. Physicochemical Properties of HA solution (determined by Zetasizer Nano ZS90, Nanoparti-
cle Size Analyzer, Tokyo, Japan).

Concentration
[mg/L] pH Zeta Potential ζ

[mV]
Particle Size in Suspension

[nm]

100 6 −27.1 ± 0.01 532.7 ± 4.5
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Then, the fouled membranes were washed with deionized water for 30 min and the
recovered flux (Jw2) was registered in order to evaluate the water permeability decline due
to the irreversible fouling.

Several UF experiments were carried out to study the fouling tendency of CA and
PAA/CA membranes and their long-term performance stability. Three cycles of 240 min
were performed by altering pure water (120 min) and HA solution (120 min) as feed to
investigate the degree of reversibility of the performance of the developed UF membranes.

In order to characterize the anti-fouling performance of the membrane, some parame-
ters were observed and calculated according to the relative formulas:

FRR (%) =
Jw2
Jw

∗ 100 (5)

Rr (%) =
(Jw2 − JHA)

Jw
∗ 100 (6)

Rir(%) =
(Jw − Jw2)

Jw
∗ 100 (7)

Rt (%) = Rr + Rir =
(

1 − JHA
Jw

)
∗ 100 (8)

where FRR (%) was the flux recovery ratio quantifying the antifouling property after a
UF cycle, Rr (%) represented the reversible flux decline ratio caused by reversible fouling
eliminated by hydraulic cleaning, Rir (%) estimated the irreversible flux decline ratio, and
Rt (%) described the flux decline ratio caused by HA fouling [33].

During the test performed with HA solution, the absorbance of HA was evaluated us-
ing spectrophotometer (PerkinElmer, Waltham, MA, USA) through an excitation-emission
matrix (EEM). EEM spectroscopy provides information on the emission (Em) profile con-
currently with excitation (Ex) wavelength data, creating a 3-D map of fluorescence charac-
teristics [34]. The samples were diluted 1:5 and analyzed in a quartz cuvette with a path
length of 10 mm maintained at a constant temperature of 20 ◦C. The EEMs were recorded
at 10 nm intervals for excitation spectra between 190 and 600 nm and emission spectra
between 190 and 600 nm at an integration time of 0.1 s with excitation and emission slit of
5 nm and scan rate of 600 nm min−1. The HA rejection ratio was calculated employing the
following Equation (9):

R(%) =

(
1 −

Cp

Cf

)
× 100 (9)

where Cp and Cf were the HA concentration of permeate and feed solution, respectively.

3. Results
3.1. Characterization of the Prepared Membranes

• FTIR and DSC Analysis

Figure 1 shows the FTIR spectra (4000–400 cm−1) obtained from the PAA polymer,
blank CA membrane (M0), and membranes obtained by blending CA with PAA at 8 wt. %
(M8) and 15 wt. % (M15), respectively. In particular, PAA spectrum reveals the typical
bands for carboxylic acids such as the characteristic stretching absorption of the hydroxyl
groups (O-H) in 3522 cm−1 and the absorption peak characteristic of carbonyl (C=O) in
1719 cm−1. In addition, the bands that appeared at 1219 cm−1 and 1458 cm−1 can be
assigned, respectively, to the C-C stretching and the in-plane bending of the hydroxyl
group. The spectrum of M0 membrane presented the distinctive bands of CA ascribable to
the stretching of different characteristic functional groups: O–H (3250–3700 cm−1), C–H
(2850–2990 cm−1), C=O (1740 cm−1), C–H (1372 cm−1) of –CH3, and C–O–C (917 cm−1) of
ether [35,36].
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Figure 1. FTIR spectra of pure CA membranes (M0) and CA/PAA blend membranes (M8 and M15).

The FTIR spectrum of the blend membranes M8 and M15 revealed the effect of
the presence of PAA on the chemical nature of CA membranes. The enlargement and
the remarkable decreasing of the intensity of the band between 3200 and 3700 cm−1

indicated the hydrogen interactions between the two polymers favouring a homogeneous
blend. Thus, the bands attributed to the hydroxyl and acetyl groups of CA significantly
decrease [37]. Moreover, the bands situated between 1150 and 1500 cm−1 appeared to
overlap, which may be due to the interconnection between the two polymers via hydrogen
bonding.

DSC is a widely used thermal analytical tool that helps to understand the thermal be-
havior of polymers. It serves, basically, to identify the compatibility of polymer blends and
to detect the different temperatures of phase transitions of the polymers and their blends.
The DSC thermogram of PAA and the prepared membranes M0, M8, and M15 are given in
Figure 2a,b. A comparison of the glass transition temperature (Tg), melting temperature
(Tm), and degradation temperatures (Td) is summarized in the Table 3. Thermogravimetric
analyses are summarized in Table 3, revealing the presence of three thermal events in every
sample; two of them are endothermic, as reported in Figure 2b.

Table 3. Values of glass transition temperature (Tg), melting temperature (Tm), and degradation
temperature (Td) of the CA and CA/PAA blended membranes.

Samples Tg [◦C] Tm [◦C] Td [◦C]

PAA 44.5 147.23 252.78

M0 63.71 231.80 369.40

M8 65.30 227.47 362.68

M15 64.12 226.55 361.01

The endothermic peaks were attributed to the glass transition (Tg) and the melting
point (Tm), whereas the exothermic peak was due to the polymer degradation (Td). The
presence of a single Tg in M8 and M15, similar to M0 (63.71 ◦C), indicated an optimal
miscibility between the two polymers. In fact, two well-distinguished glass transition tem-
peratures characteristic of each polymer are usually detected in the case of a heterogeneous
blend [38]. Indeed, the compatibility of the two components was assured by the hydrogen
interconnections as confirmed by the FTIR result. Moreover, the observed Tg were in the
range of 64.51 ± 0.80 ◦C whereas Tm decreased from 231.80 ◦C for M0 to 226.55 ◦C for M15,
indicating a minimal effect of PAA on the thermal properties of the membranes. Definitely,
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the observed values of Tg and Tm were similar to those reported in previous studies for
CA membranes [39,40].
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work.

• SEM

Morphology of the membranes surface (top and bottom side) and the relative cross-
section of the prepared membranes are shown in Figure 3. It is possible to observe that all
the investigated membranes exhibited an asymmetric microstructure including a denser
skin top-layer, acting as selective barrier, supported on a porous sub-layer. Moreover, the
improvement of PAA concentration from 0 wt. % to 8 wt. % increased the surface porosity
of the membrane, reduced the thickness of the skin layer, and turned the morphology of the
membrane from finger-like to sponge-like. In fact, the neat CA membrane (M0) presented
dense surfaces and macrovoids, whereas the presence of PAA led to the preparation of
highly porous membrane. The formation of the skin layer is usually caused by the rapid
evaporation of volatile solvents (such as acetone) from the top surface of the nascent
membrane during the casting. The consequence is the local increasing of the polymer
concentration, leading to the generation of a dense skin layer [31,41]. This dense layer
reduced the diffusion of the non-solvent from coagulation bath into polymeric solution
resulting in a delayed demixing, leading to the formation of the macrovoids [42].
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The composition of the dope solution is a key factor to modulate the membrane mor-
phology by the affinity between the solvent and the non-solvent and the viscosity of the
casting solution [43]. PAA is a hydrophilic polymer, and its blend with CA accelerated the
exchange rate of the solvent/non-solvent favouring the formation of finger-like microstruc-
ture, as observed for M8 [44]. For M15, the higher amount of PAA increased the viscosity of
the casting solution, which delayed the exchange rate of the solvent/non-solvent leading
to a sponge-like structure [45].

• Porosity, Pore Size, Contact Angle, Water Content and Pure Water Permeability

Measurements of porosity confirmed the outcomes of SEM pictures: the increase of
the PAA concentration in the blend raised the total porosity from 44.56% for M0 to 75.6%
for M15 (Table 4). On the other hand, the mean pore radius (rm) slightly decreased by
increasing the PAA from ca. 13 nm for M0 to ca. 10 nm for M15 (Table 4).

Table 4. Summary of the CA and CA/PAA blended membranes prepared.

Membranes Porosity (%) ∗ rm [nm] ∗ Water Uptake
(%) ∗

Lp
(L m−2 h−1 bar−1) ∗

M0 44.58 ± 0.2 12.92 ± 0.02 50.64 ± 0.12 15.51 ± 1.2

M8 64.50 ± 0.4 10.13 ± 0.02 69.87 ± 0.24 17.30 ± 1.4

M15 75.65 ± 0.7 9.65 ± 0.03 78.23 ± 0.1 19.98 ± 0.5

The presence of PAA not only affected the membranes morphology but also their
chemical-physical properties by improving their hydrophilic character. In fact, the contact
angle decreased from 71.55◦ for the neat CA membrane (M0) to 37.34◦ and 25.04◦ for
M8 and M15, respectively, (Figure 4). This was mostly due to the enhancement of the
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hydrophilic sites (carboxylic groups) available in the membranes M8 and M15 and provided
by the PAA.
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Thus, the addition of the PAA facilitates water diffusion through the membrane by
improving the hydrogen bonding interactions [46]. In fact, as reported in Table 4, the
maximum water uptake (78.2%) was observed for the membrane with the highest PAA
amount (M15), whereas the neat CA membrane (M0) showed the lowest water uptake
(50.6%).

The improvement of both porosity and hydrophilicity favoured the transport of water
as confirmed by the values of water membrane permeance (Lp) shown in Table 5. In fact,
the pure water flux data illustrated in Figure 5 show that the water flux of the membrane
M15 is ca. 20% higher than the neat CA membrane M0.
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3.2. Membrane Performance

• UF Experiments

The UF performance and the anti-fouling properties of the developed membranes
were investigated using HA as foulant model revealing a rejection superior to 95%. In
particular, the measured HA rejections were 95.7%, 96.03%, and 99.9% for M0, M8, and M15,
respectively. Hence, the increasing of the PAA amount in the casting solution positively
affected the UF performance of CA membranes.
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Figure 6 shows the 2D fluorescence spectra of the studied HA solutions, before (a) and
after ultrafiltration membrane process (b, c, and d), not corrected for Rayleigh scattering
peaks that appeared in the form of diagonal bands. The presence of HA in the feed
caused two regions of fluorescent activity located at around Ex/Em = 265 nm/525 nm and
Ex/Em = 360 nm/520 nm due to the presence of large quantities of aromatic structures and
unsaturated fatty chains in humic substances [47], as observed in Figure 6a.
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Obviously, the decreasing of the HA in the permeates provoked a diminishing of the
fluorescent activities, thus Ex/Em bands were less evident by increasing the rejection. In
fact, the results showed that fluorescent activities decreased by increasing the concentration
of PAA in the membranes and the emission signal raising from HA disappeared in the
permeate collected after the UF processes carried out with the membrane M15 (Figure 6d).

It is well known that the main factors contributing to the separation in the UF process
dominated by size-excluding mechanism are the membrane pore size and the steric hin-
derance of the target contaminants. Thus, the reduction of the pore size from 12.9 nm to
9.6 nm by increasing the PAA concentration from 0 wt. % to 15 wt. % with respect to CA
positively affected the coefficient of rejection.

Nevertheless, the chemical nature of the membranes played a key role on the separa-
tion performance: PAA lead to the incorporation of carboxylic groups, improving rejection
via electrostatic repulsions with humic acid components that are negatively charged, as
demonstrated by the negative potential zeta (−27.1 mV) reported in Table 2.

• Anti-fouling Properties

Fouling is a critical issue in UF negatively affecting the long-term stability, productivity,
and cost of the process. Results summarized in Figure 7 show the benefits of blending CA
with PAA in terms of flux and anti-fouling resistance.
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In fact, water flux (JW), HA solution flux (JHA), and water flux after cleaning (JW2)
increased by enhancing the PAA concentration in the blend with CA. Nevertheless, the
effect of the presence of HA in the feed solution was a consistent drop in the flux with a
reduction in the range of 7–13%. Subsequently, the flux dramatically decreased during the
time due to the permeation of water and the consequent improvement of HA concentration
in the feed that intensified the concentration polarization and fouling.

The fouling consists of extra resistance to the water permeation as clarified by the
Darcy’s law, which is useful for quantitatively describing the hydraulic resistance of the
membrane (R) from the driving force (∆P), the water viscosity (µ), and the measured
permeate flux (J), as follows:

R = ∆P/(J × µ) (10)

The ultimate result of 2 h of UF practices with a feed solution containing HA (1st Cycle)
was an improvement of ca. 26% compared to the hydraulic resistance of the membrane of
M0 caused by the fouling, whereas the impact on the resistance of M15 membrane was of
ca. 20%.

Moreover, primary fouling serves active sites for the subsequent deposition of macro-
molecules on the membrane surface, accelerating the decline of membrane performance
over the time [48]. The negative effect of fouling on membrane permeability is related to
three mechanisms: (i) pore constriction caused by adsorption of filtered species within the
membrane pores, (ii) pore blocking at the membrane surface, and (iii) cake formation due
to the species rejected by the membrane [49]. These effects are less evident in M8 and M15
membranes due to the repulsive forces involving the PAA embodied in the membrane
and the HA in the feed solution, resulting in the mitigation of the solute deposition on the
membrane surface.

Table 5. Comparison of permeate flux, HA rejection, and FRR reported by literatures with prepared membranes in this
study.

Membrane Pressure
(bar)

Permeate Flux
(L/m2·h)

HA Rejection
(%)

FRR
(%) Reference

PAN/CS/Fe3O4 5.5 25.5 96.5 - [49]

PES/PVP/TiO2 1 21.927 92.96 99.03 [50]

CA/OMTT 3 160 95.4 - [51]

RC/SA 1 - 91 67 [52]

M0 4 61.12 95.7 88.16 This work

M15 4 76.29 99.9 97.65 This work

PAN: Polyacrylonitrile, CS: chitosan; PES: polyethersulfone, PVP: polyvinyl pyrrolidone, CA: Cellulose acetate, OMTT: Organically
modified montmorillonite, RC: regenerated cellulose, SA: sulfonic acid.



Appl. Sci. 2021, 11, 4354 12 of 16

To thoroughly investigate the antifouling properties of the membranes, Figure 8
depicts the recovery ratio (FRR) observed during the first two cycles.
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Figure 8. FRR percentages results of the prepared membranes during the first two cycles. Experi-
mental error below than 5%.

The results clearly show the advantage of blending since the FRR improved by in-
creasing the PAA concentration in the membrane. For the first cycle, the FRR was 88.16%
for M0 made of bare CA, which increased to 94.86% for M8 and reached the remarkable
value of 97.65% for M15 because of the positive effect of the PAA. The same trend was
observed during the second cycle: the water flux recovery ratio was 85.98% for M0, 86.41%
for M8, and 95.93% for M15.

The reversible fouling ratio (Rr) and irreversible fouling ratio (Rir), as well as their
sum—total fouling ratio (Rt), were calculated and depicted in Figure 9. The neat CA
membrane showed a total fouling ratio of 31.5% decreasing to 26.7% for M8 and to 22% for
M15. However, this decline was mainly due to the reduction of the reversible fouling ratio
(Rr), probably related to cake formation, minimized from 23.7% for M0 to 21.8% for M8
and to 16.5% for M15, whereas no relevant effects were observed on the Rir mostly due to
HA absorption into the pores and onto the membrane surface. Definitively, the blending of
CA with PAA mitigated the fouling largely reversible and facilitated the recovery of the
membrane permeability by hydraulic cleaning, but irreversible fouling during long-term
operation is still inevitable [50]. A comparison between the present results with some
previous studies evidenced the interesting achievements obtained by blending CA with
PAA (Table 5).
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Figure 9. Summary of percentage of total fouling ratio (Rt), reversible fouling ratio (Rr), and
irreversible fouling ratio (Rir) of the prepared membranes during the humic acid ultrafiltration.
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• Cadmium Removal

The performances of the membranes in Cadmium (Cd) removal were investigated
by treating solutions containing 10−3 mol L−1 of Cd2+ at various pH values as shown in
Figure 10.
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Figure 10. Effect of pH variation on percentage removal of cadmium for the prepared membranes.

Experiments were performed at values of pH below 6.5 in order to avoid the precipi-
tation reactions between OH- anion and Cd2+ cation in form Cd(OH)2. Results confirmed
the inefficacy of CA in Cd removal (% removal < 10%) with a minimal ion binding ca-
pacity related to the presence of hydroxyl and carboxyl functional groups. The blending
of CA with PAA led to drastic improvement of the performance of the membranes in
Cd remediation exploiting the carboxylic group introduced by PAA easily ionisable in
aqueous solutions [53,54]. Thus, the rejection percentage increased proportionally with the
PAA amount in the starting casting solution. Moreover, the maximum removal rate was
observed for M15 with values of 80.5% and 83.1% at pH of 2.5 and 6.5, respectively, reduced
from ca. 20% at a pH of 4.5 [55]. A similar trend was observed for membrane prepared
using a PAA concentration in the dope solution of 8 wt. % (M8). Usually, the pH value
has a strong influence on ion rejection by altering the net charge of the membrane surface
affecting ultimately the interactions between the contaminants and the membrane [56]. At
high pH, the carboxylic groups resulted in ionized form favouring the metal-ion complex-
ation or ionic interactions (−O···Cd2+···O−), thus increasing the degree of Cd removal
consequently. At a pH of 4.5, the carboxylic groups are neutralized (isoelectric point) and
the membrane-Cd interactions are minimized. At low pH, the membrane shifts to positive
charge generating repulsion interactions between the membrane surface and the cations of
Cd2+.

4. Conclusions

The aim of this work was the development of fouling-resistant UF membranes for Cd
remediation via blending to synergically exploit the flexibility of CA with the complexing
properties of PAA. The strong hydrogen interactions between the two polymers observed
with FT-IR and the presence of a single peak in DSC results confirmed the homogeneity
of the blending of CA and PAA into the membranes prepared via NIPS. The membranes
presented asymmetric and highly porous structures with morphologies affected by the
PAA concentration. In fact, the porosity enhanced from 44.5% to 75.6% by raising the
concentration of the PAA from 0 wt. % to 15 wt. %. Measurements of contact angle and
the pure water flux evidenced the improvement of the hydrophilicity of the membrane by
introducing PAA in the CA structure. The ultimate result is that the membrane prepared
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with a higher content of PAA (M15) showed superior properties in both permeability
and HA rejection. Benefits of blending CA with PAA were observed also in terms of
antifouling properties, allowing for effective flux recovery of membrane fouled by treating
HA solutions. In fact, the total fouling ratio (Rt) was remarkably reduced owing to the
repulsive interactions between the foulants (HA) and the surface of the membranes made of
CA blended with PAA rich of carboxylic groups. Concisely, a remarkable mitigation of total
fouling ratio from 31.5% for CA membrane (M0) to 22% for M15 was observed. Moreover,
PAA provided functional properties to the membrane, enabling their employment in
the efficient remediation of heavy metal-contaminated aqueous solution. In fact, the Cd
rejection raised with the concentration of PAA into the membrane hitting for M15 values
above the 80%, whereas the neat CA (M0) was inefficient in the Cd removal. Overall, the
blending of CA with PAA was found to be beneficial in the development of antifouling UF
membranes useful in the remediation of heavy metal contaminated waterbodies
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