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Abstract

Ultrafiltration, UF, membranes of positively-charged polyvinylidene fluoride, PVDF, have been
modified by the deposition of a layer of poly(styrenesulfonate), PSS, which is negatively charged.
These membranes have been treated by radiofrequency plasma at different powers and with
different gases (argon, air and carbon dioxide). The membrane treated at 10.2 W with argon gave
the best chromate retentions with good stability in water, alkaline and acid media.

Surface zeta potential measurements confirmed the positive surface charge of PVDF membranes,
whereas the membranes modified with PSS and argon-plasma treatment had a negative charge in
the pH range 3 — 10. FTIR-ATR showed a true grafting of PSS on PVDF for the medium-power
argon-treated membrane. SEM pictures of transversal sections confirmed continuity between the
PVDF substrate and the PSS layer. The chromium found on the modified membranes confirmed an
electrostatically-determined retention. Pore-size distribution, as obtained by image analysis of SEM
pictures of the surface, gave a slight reduction of pores but still in the clear ultrafiltration range in
accordance with a no-size exclusion mechanism for retention.

The modifications studied led to UF membranes provided with enough negative charges to boost
retention of anionic species quite similar to those of nanofiltration membranes but with much lower
applied pressures.
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Introduction

The increase in industrial and technological activity has brought with it high levels of water
contamination. This water contamination has become one of the main global health problems,
causing various infections and mortality in all living organisms.

One water contaminant that has attracted a great deal of attention due to its high toxicity in living
beings is Cr(VI). In humans it can cause skin irritation and even cancer [1-3]. The main sources of
Cr(VI) contamination are derived from anthropogenic activities such as mining, electroplating,
pigment production and leather tanning [4,5]. The wastes from these industries are discharged
directly into wastewater or, illegally, into rivers, lakes and seas in less-developed countries. Due to
the high mobility of Cr (VI) in neutral and alkaline soils, it is often easily incorporated into aquifers
[6,7].

The removal and elimination of water contaminants and specifically Cr(VI) is a global priority
challenge for the protection of the environment and living beings. That is why the scientific
community is making great efforts to find new water treatment methods and technologies for the
removal and elimination of Cr (VI). Among the various technologies that have been used in treating
water with Cr(VI) we can include precipitation [8], adsorption [9], biodegradation [10],
photodegradation [11], reduction [12] and ionic exchange [13].

Gong et al. [14] used iron sulfide-iron coated magnetic nanoparticles (Fe/FeS) for Cr(VI) removal
in simulated groundwater. Nanoparticles reduced Cr(VI) to Cr(Il). The authors reported that the
process had the highest efficiency at pH 3.5 and Cr(VI) solutions at concentrations of 10 mg/L;
however, by increasing pH or the Cr(VI) concentration of the solution, its removal decreases by up
to 60%.

In the study reported by Yu et al. [15], the removal of Cr(VI) was done by adsorption in
microspheres of cellulose functionalized with amino groups. The functionalization was carried out
with Gamma radiation. According to their results, the microspheres reached a removal of 129 mg
Cr(VI)/g microspheres at pH 3.08. These microspheres had a removal of 91% Cr(VI) in solutions
and showed good stability.

Sinha et al. [16] removed Cr(VI) through phytoremediation with the plant Tradescantia pallida.
The removal was carried out continuously by accumulation of chromium in the roots of the plant.
Scale laboratory contaminated water was used in concentrations of 20 and 30 mg/L. The pH effect
for each dissolution was studied. The best result for maximum total chromium removal efficiency
was 86 — 88.2% achieved at pH 7.

Chen et al. [17] designed a Cr-methanol fuel cell that produces electrical energy from Cr(VI)
removal. According to their study, from an initial concentration of Cr(VI) of 3500 mg/L, the
concentration decreased more than 91% in a cycle of 400 minutes. The cell can produce up to 903
W/m? and can work in a temperature range of -14° C to 45° C.

However, the currently available technologies are usually expensive, produce new toxic by-
products and even prove to be inefficient at low concentrations of Cr(VI).



Another option for treating water contaminated with Cr(VI) is separation with membrane
technology. Membranes have been widely used in water treatment as they have the ability to
concentrate contaminants in a small volume, can be re-used and do not generate toxic by-products.

Membrane technology has also been used in hybrid processes, combining the advantages of
membranes with compounds such as clays [18], nanoparticles [19] or microorganisms [20]. In this
way, the adsorption and/or reduction advantages of membranes are exploited to design ad hoc
technologies for the removal of Cr(VI).

The membrane processes typically used in removal of Cr(VI) are Nanofiltration (NF) and Reverse
Osmosis (RO). Since they require small pores (below 1 nm), they are usually quite effective in the
removal not only of Cr(VI) but of any ionic species. Their main drawback is that they are the
processes that require the highest pressures of membrane processes used in water treatment.

Kazemi et al. [21] modified polyamide nanofiltration membranes with chitosan and iron and
titanium dioxide (nZVI@TiO,) photocatalytic nanoparticles. The modifications were made with the
technique known as layer by layer (LBL) and were tested in the removal of Cr(VI). They found
that, in the first stage, Cr(VI) was adsorbed on chitosan while, in the second stage, UV light-
activated nanoparticles accomplished photodegradation. They obtained chromium removal
percentages higher than 95% at pH 2 in Cr(VI) solutions of 10 mg/L.

Gaikwad and Balomajumder [22] studied the simultaneous rejection of fluoride and Cr(VI) with
reverse osmosis membranes. Solutions of 5 mg/L and pH 8 were used, while the pressure was 16
bar. They reported that membranes reached rejections of 94.99% for fluoride and 99.97% for
Cr(VI) under those conditions.

On the other hand, Ultrafiltration (UF) is among the membrane processes that require the lowest
pressures. The main application of UF is to separate high-molecular-weight contaminants such as
peptides and polysaccharides. Due to their pore size, UF membranes are not able to carry out the
separation of ionic species. However, they can be modified by acquiring characteristics of NF
membranes, for example, the ability to separate small ionic species. At the same time, they retain
the need of only relatively low pressures during separation, which is a characteristic of UF.
Therefore, modified UF membranes are a new alternative in the treatment of water contaminated
with Cr(VI) or ionic species.

Yao et al. [23] modified polyvinylidene fluoride (PVDF) ultrafiltration membranes with polymers
with tertiary amino and quaternary ammonium groups for Cr(VI) removal. The membranes
acquired a positive charge after modification, so the key separation mechanism was adsorption. The
membranes had a Cr(VI) uptake of 63.17 mg/g at pH 7. The concentration of the solutions was 10
mg K,Cr,0O,/L and the pressure, 1 bar. The authors concluded that these membranes can be applied
for low concentrations of Cr(VI).

Gebru and Das [24] made cellulose acetate UF membranes modified by impregnation of different
polymers with amino groups and nanoparticles of titanium dioxide within the membrane structure.
The membranes were used in Cr(VI) removal and, according to their results, the separation
mechanism was through electrostatic interactions of attraction between the positive amino groups
and the negative Cr(VI) at pH 3.5, whereas, at pH 7 the separation was by electrostatic repulsions



between the negatively-charged titanium dioxide nanoparticles and negative Cr(VI). The
membranes showed the best performances at pH 3.5 and a Cr(VI) concentration of 10 mg/L.

As can be seen, there are many membrane modification techniques. With surface coating, a new
layer is deposited on the active layer of the original membrane [25]. This new layer usually consists
of nanoparticles or some monomer or polymer that causes a change in the surface charge density or
the wettability of the membrane surface. This produces a reduction of fouling and/or an increase in
retention. The main drawback of surface coating techniques is that, if there is not a grafting process,
the duration of the modification is far too short [26] for most relevant applications.

For its part, plasma treatment can consolidate previously adsorbed or deposited layers “in situ.”
This technique works with gaseous or vapor phase reactives; it is easy to use and especially suitable
for creating new layers on a membrane. Therefore, plasma treatment can cause uniform and
permanent grafting of the modifying agent [27,28]. When a polymer is used, the built layer keeps its
chain mobility and functional groups [29]. In our case, we will focus on plasma generated by
inorganic gases. It is known that this way of using plasma can induce crosslinking or chain
disruption and, in some cases, even the appearance of new functional groups [30].

This paper proposes Cr(VI) removal from synthetic solutions through modified ultrafiltration
membranes. Positively-charged PVDF membranes will be coated with negatively-charged sodium
polystyrenesulfonate (PSS); subsequently, they will be treated separately with the plasma of several
inorganic gases. After the modification, the negatively-charged membranes will be shown to have
achieved good removal of Cr(VI), and to have good stability after 5 weeks. In addition, they will be
tested for the removal of other anions. They will be shown to retain nitrates and acid chromates with
acceptable results, as well as to have a good separation rate of phosphate mixtures. Therefore, these
membranes will be proved to have good potential for the removal of contaminant anions.

1. Experiment

1.1. Materials and Chemicals

Ultrafiltration PVDF (polyvinylidene difluoride) membranes (HFM-183, Koch Membrane Systems,
Wilmington, MA, USA) were used. These membranes are claimed by the manufacturer to be
positively charged and to have a 100 KDa MWCO (molecular weight cut off). Hereafter, they will
be called HFM-183 membranes.

Their water permeability, as measured by us, was (8.09 + 1.57)-10-'° m/Pa-s, as obtained from 15
experiments. PSS (poly(styrenesulfonate)) of a molecular weight Mw=70,000 Da, which was tested
to modify the PVDF membranes, was bought in a 30 % w/w water solution from Sigma Aldrich
(Sigma-Aldrich, St. Louis, Missouri, USA).

The other chemicals (potassium dichromate, sodium nitrate, monosodium phosphate (anhydrous),
potassium chloride, hydrochloric acid, sodium hydroxide, glycerol, sulfuric acid, antimony
potassium tartrate, ammonium molybdate and ascorbic acid) were acquired at analytical grade from
Sigma-Aldrich as well. Ultrapure (ASTM Type I) water was always used.



All filtration tests and experiments were performed on a flat membrane dead-end device (HP4750,
Sterlitech Co., WA, USA). Each membrane sample was used as a 14.6 cm?disc. Nitrogen was used
to pressurize.

1.2. Membrane Modifications

50-mm diameter discs of the HFM-183 membrane were first cleaned with water. Thereafter, 50 mL
of differently concentrated aqueous PSS (Mw=70,000 Da was selected because it gave better
results) solutions were filtered through the HFM-183 membrane under a pressure drop of § bar.
Several concentrations of PSS were initially tested. No stirring or natural pH was used in order to
allow a uniform deposition. Right away, the membranes were soaked in glycerol and placed in an
oven at 35 °C for 1 hour.

After testing chromate retention and volume flux under conditions detailed in the next section, a
20.8 g/L PSS water solution was chosen and subsequent experiments were performed for this
concentration only. Concentrations over 20.8 g/L did not result in significantly higher retentions
while substantially smaller water permeability was obtained. Consideration of the mass balance in
the experimental PSS deposition by permeation of the 20.8 g/L aqueous solution suggested that
there were 71 mg of PSS/cm? on the membrane.

Afterwards, plasma treatments were performed in a radiofrequency plasma chamber (Expanded
Plasma Cleaner PDC-001, Harrick Plasma, Ithaca, NY, USA) connected to a flux mixer (PlasmaFlo
PDC-FMG, Harrick Plasma, Ithaca, NY, USA) and a vacuum pump. Three gases were used: air,
argon and carbon dioxide in a flux of 0.30 cm?/min STP. Three powers were set: 7.2, 10.2 and 29.6
W for 15 min. These powers, gases and treatment times were selected according to previous
experiments [31]. All experiments were performed in triplicate.

1.3. Functional Characterization
1.3.1. Anionic Separation

After modification, the water permeability, L, was measured. The volume flux, j v, and the

p°
observed retention, Robs, of four cationic solutions— chromates, acid chromates, nitrates and a

mixture of acid and diacid phosphates— was also measured. In this case, pH was controlled to
assure the dominancy of each ionic species. A pH 8 was used for all the species except for the acid
chromates that required a pH 4. To measure volume flux and retention, a 30 mg/L concentration
was used, and an initial 100 mL of the corresponding solution was filtered, at a stirring speed of 180
rpm and a pressure of 3 bar, and successive samples of 10 mL permeate were gathered and their
concentration measured. In order to guarantee a stationary state, the first 10 mL of permeate were
cast aside.

Observed saline retention could be evaluated as:
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C; and Ep are the average feed and permeate concentrations for the last five 10-mL permeate
samples. C;was obtained by a detailed mass balance for all the permeated samples. In the same

way, j v corresponded to averages for the last 5 permeate samples. All measurements were

performed threefold.
1.3.2.Ionic Concentrations

All concentrations were quantified by using UV-Vis spectrometry (UV-160A, Shimadzu, Kyoto,
Japan). For chromium, a wavelength of 373 nm was used [32]. For nitrates, the wavelength was 220
nm [33]. Concentrations of phosphate species were evaluated at 800 nm [34].

1.3.3. Modification Stability

Once the modified membranes were functionally tested, they were immersed in water for two
weeks. After this period of immersion, water permeability, observed retention of the ionic solution
and volume flux were evaluated again. After two more weeks immersed in water they were
immersed in a 1-10* M NaOH solution for 24 hours and functionally tested again. Finally, the

membranes were kept in a 1x10-* M HCI solution for 24 hours and L P> j v and Robsmeasured for

a third time.

1.4. Morphology, Electrical and Chemical Characterization

1.4.1.Zeta potential

The Zeta Potential,  (SurPASS, Anton Paar, Austria) was measured on the surface of the HFM-
183 membrane, the modified HFM-183-PSS membranes and HFM-183-PSS + Ar-medium.

In each analysis, a pair of 10 x 20 mm membrane pieces were used. The measurements were carried
out in a 1x103 M potassium chloride medium, with an initial volume of 500 mL. A pH
measurement interval of 3 — 10 was used. For each sample, the titration was performed at basic and
acid pH with sodium hydroxide and hydrochloric acid respectively. The initial pH of each titration
was the solution of potassium chloride (pH 5.7). The experiments were carried out in triplicate.

1.4.2.Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) (SIGMA-HDVP Field Emission, Carl Zeiss, Oberkochen,
Germany) was used to observe the surface and transversal sections of both the modified and
unmodified membranes.

For the surface studies, discs of 20 mm of diameter were lyophilized to protect their porous
structure; subsequently, 0.5-cm? samples were cut and gold-coated for 1 min. Transversal sections



were performed by immersing the lyophilized samples in liquid nitrogen for 5 min and cutting with
a scalpel. The samples were finally gold-coated once again for 1 min.

Pore-size distributions were observed from SEM pictures at 20,000 magnification and with the
computerized image analysis performed by using the Image]J software. From surface features, the
equivalent circular pore diameters (Feret diameters) were evaluated and their statistics evaluated.

1.4.3. Energy-dispersive X-ray Spectroscopy (EDS)

The elemental analysis of unmodified and modified membranes was performed by an X-ray sensor
equipped with high efficiency XFlash 6 detectors (QUANTAX, Bruker, Billerica, MA, USA)
coupled to the SEM device used.

1.4.4. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (FTIR-ATR)

FTIR-ATR was performed by using a PerkinElmer RX-1 spectrometer with a Universal ATR
Sampling Accessory Module (Perkin Elmer, Boston, MA, USA). It was used to identify the main
functional groups on the surfaces of all the membranes. Measurements were done with a spectral
resolution of 4 cm™!' and 16 scans. Diamond ATR crystals were used.

For the sake of comparison, a pure PSS film was measured as well. It was manufactured from the
30% water solution by allowing a 5 mL layer to evaporate on a hot plate.

2. Results and Discussion

2.1. Functional Membrane Characteristics

2.1.1. Membrane Modifications

Different conditions of plasma treatment were tested. The membranes and conditions of plasma
treatment are detailed in Table I.

Table 1. Plasma treatment conditions and membranes.
Gas Power (Watt) Time (min) | Label
- --- --- HFM-183+PSS
Argon 7.2 (low) 15 HFM-183+PSS + Ar-low
Argon 10.2 (medium) 15 HFM-183+PSS + Ar-medium
Argon 29.6 (high) 15 HFM-183+PSS + Ar-high
Air 10.2 15 HFM-183+PSS + Air-medium
Carbon dioxide 10.2 15 HFM-183+PSS + CO, -medium

2.1.2. Membrane Performance in Chromate Retention

In order to analyze the functional characteristics of the modified membranes, we started with
permeate chromates at pH 8 (where, in effect, the chromate ion is dominating the electrochemical



equilibrium). In Table II, the water permeability, L palong with the filtration volume flux, j v, and

observed retention, Robs> are shown.

Table II. Water permeability and chromate volume flux and observed retention.
Membrane Lo mpas) | ], croz(105mis) | Rys(%)
HFM-183+PSS 1.31+0.10 430+0.18 58.35+3.50
HFM-183+PSS + Ar-low 0.94 + 0.05 3.15+0.06 60.38 £0.92
HFM-183+PSS + Ar-medium 0.65+0.01 228 +0.31 66.01 +£1.42
HFM-183+PSS + Ar-high 1.01+0.15 3.61+0.04 57.40 +2.86
HFM-183+PSS + Air-medium 1.30+0.18 4.57+0.36 4493 +1.44
HFM-183+PSS + CO, -medium 1.16 £0.04 5.02+0.10 4438 +1.42

It can be seen that the membranes coated only with PSS have the best water permeability with a
high volume flux and a retention that is not too low. It is worth mentioning that retention for the
pristine HFM-183 was close to zero.

The membranes treated in air and carbon dioxide showed high water permeability and volume flux,
actually both quite similar to the HFM-183+PSS without any plasma treatment but with lower
retentions. It seems clear that these plasma treatments are inefficient or even detrimental. These
gases would graft beneficial groups (hydroxyl for air and carboxyl for CO,, [35]) and cause
crosslinking, but they can also roughen the membrane surfaces (with degradation or even etching)
and neutralize existing charged groups. Both of these effects would decrease retention while
increasing permeability, as effectively seen in our case.

It appears clear that argon-plasma treatments increase retentions at the expense of decreasing
permeability and chromate flux. Argon is known to generate free radicals on the surface of a
polymeric substrate with likely subsequent crosslinking. Among the argon plasma-treated
membranes, the medium power seems to be advisable inasmuch as it gives the highest retention.
The existence of maximal retention at intermediate powers would mean that there is a roughening
effect that would oppose, and eventually cancel out (or even dominate as it is probably the case for
HFM-183+PSS+ Ar-high), the advantageous creation of free radicals and crosslinking.

Data in Table II show that there is an approximate inverse correlation between observed chromate
retention and its volume flux. This trend is shown in Figure 1, where a straight line has been fitted
and the 95 % confidence interval shown.
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Fig. 1.- Observed retention versus volume flux of chromate solutions for different plasma treatments. Lines correspond to
the best straight line fitting the data.

2.1.3.Stability of Modified Membranes

In order to evaluate the stability of the treatments, they were immersed in water for two weeks.
After two more weeks of water immersion, they were submerged for 24 hours in a basic solution
and immediately afterwards in an acidic bath for 24 additional hours.
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Fig. 2.- a) Water permeability rate of change due to water immersion b) Relative changes in water permeability after
alkaline and acidic treatments for different plasma treatments.

The changes in permeability with the time of water immersion are shown in Figure 2-a. It seems
clear that the membranes treated with Ar plasma at an intermediate power show the highest
stability. This means that at this power, crosslinking most likely predominates over the inconvenient
thinning (with loss of material) characterizing the phenomenon at higher powers. In Figure 2-b, the
corresponding relative changes of water permeability due to alkaline and acid immersions are

shown.

In all cases, there is an increase of water permeability, probably due to a slight loss of initially-
deposited polymer chains. When hydroxyl groups or protons are present, the structure of the
membranes is loosened again, leading to increasing permeability. Especially fragile structures (high
water permeability increases) appear for CO, or high-power plasma treatments. Similar
permeability intensifications appear for low or medium-power argon-plasma treatments. It is
notable that, even though the HFM-183+PSS membrane without any plasma treatment suffers the
least change in permeability, its stability in water is lower than that of any other plasma-treated

membrane.

As seen in Table II, there is a clear direct proportionality between water permeability and chromate
volume fluxes. This trend is preserved after stability tests as shown in Figure 3. It is worth
mentioning here that the reproducibility, considering the corresponding error bars, of the



membranes treated with argon-plasma at these low and medium powers is higher than that of all the
other cases.
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Fig. 3.- Chromate volume fluxes versus water permeability.

The inverse relationship between observed retention and volume flux is quite logical. Similar trends
have been identified between permeability and selectivity in gas separation using membranes,
where Robeson plots have acquired an almost standard character [36]. This kind of double-log
representation can also be of great help here. In Figure 4, such a log-log plot of observed retention
as a function of chromate flux is shown for the untreated membranes before and after their
treatments to test stability. The line drawn in this figure would correspond to the apparent best
performance between retention and permeate flux.

It seems clear that before the described tests for stability, only the argon plasma-treated membranes
and the untreated ones showed more than 0.5 observed retention. The HFM-183+PSS membrane
quickly goes down to this retention level after being immersed in water, and immersion in NaOH or



HCI does not make things better. Among the argon plasma-treated membranes, only that of a
medium-power plasma remained over this arbitrary 50% retention limit.

For their part, the air or CO, plasma-treated membranes show lower initial retentions that decrease
deeply after their immersion in water. It seems that air-plasma treatments can lead to new functional
groups that after alkaline hydrolysis generate more negative charges [35]. This could be also the
case after acidic treatment. In these cases, it is worth noting that the alkaline and acid treatments
recover some retention with simultaneous increases in permeability. Although this increase in
permeability might be correlated to a certain elimination of material (etching), it is also probable
that alkaline immersion of CO,-treated membranes would create -COOH groups, while in the case
of air plasma-treated membranes, —OH groups could appear. Both of these groups would increase
retention of anions. For the argon-treated membranes, alkali and acid would only have some etching
actions that would mainly increase permeability.
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Fig. 4.- Observed retention versus volume flux of chromate solutions for the different plasma treatments before and after
their tests for stability.



In any case, it seems clear that argon-plasma treatment at intermediate powers stabilizes the
membrane allowing it to keep the best compromise of retention and permeability after the
successive treatments. The Ar plasma is probably able to produce radicals that can increase
crosslinking of both the PSS layer and the PVDF substrate of the pristine HFM-183 membrane
while higher powers would cause some elimination of material from the surfaces with some
possible etching as well.

2.1.4. Membrane Performance for other Anions

HFM-183+PSS+Ar-medium membranes were used to filtrate different anionic solutions, namely
nitrate solutions at pH 8, acid chromate at pH 4 and a mixture of phosphates H,PO,/ HPO,* at pH

8. Some properties of these anions are shown in Table III. [y, is the molecular radius

(thermochemical radius) of the anion.

Table I11. Data, [37—40], for the ions permeated.
Species | i MW Elemental charge Geometry D (10 m¥s)
(g/mol)
(pm)
NO; 179 62.00 -1 Flat triangular 1.53
HCrOy4 240 117.00 -1 Tetrahedral 1.20
2-
Cro, 256 | 116.00 2 Tetrahedral 1.39
H,PO, 200 96.99 -1 Tetrahedral 0.80
HPO,> 238 95.98 -2 Tetrahedral 0.86

In Figure 5, the observed retentions for these anionic solutions are shown versus the volume flux in
a double-log plot. They are shown for the HFM-183+PSS+Ar-medium membrane and compared
with that of chromate. The straight line drawn here is the same as the one in Figure 4. Although
these retentions are not high, and all of them are below that of chromate, which is around 66 %, it is
worth noting that they are observed retentions that are known to be lower than the membranes’ true
retentions that take into account the concentrations directly in contact with the membrane, isolating
the effects of polarization that could be decreased, and the true retention approximated, by
increasing stirring or decreasing working pressures and concentrations.

The mass transfer coefficient of the cell can be evaluated by [41]:
km — Arc2a—1pa7ﬂnﬂ—aleﬂa}a )

where A =0.241 for the cell used, /- =25.5 mm is the radius of the circular cell, & =0.75 and g3

=1/3 are the Sherwood correlation parameters, © and 77 are density and viscosity (assumed to be



those of water), D is the ionic diffusivity and @ is the angular speed of stirring. Thereafter we can

get true retention R from observed retention R asby:
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Fig. 5.- Observed and true retention for the HFM-183+PSS+Ar-medium membrane and the anionic solutions used.

These true retention coefficients are shown in Figure 5, along with Rdzs It can be seen that true

retentions, in effect, increase substantially when compared with the observed ones, reaching 91%
for chromate, which strongly suggests that a better filtration system design would raise membrane
productivity. For the solutions studied, all volume fluxes are quite similar although retentions cover
a much more significant range. Nitrate is the least retained anion tested. This is not surprising as it
is the smallest one; it has a flat triangular structure. Nitrate has also the highest diffusivity and,
accordingly, the highest mass transfer coefficient. The acid chromate anion, although it has the
same charge, is retained more because it is bigger and tetrahedral. Chromate, although sharing
geometry with the acid chromate anion, is slightly bigger and doubles the charge of the acid
chromate ion; thus it is retained quite well by the HFM-183+PSS+Ar-medium membrane. It is
worth noting that these filtration experiments with acid chromates were conducted at pH 4 and
show similar retentions (similar charges) to those for CrO,? done at pH 8. This means that the



modified HFM-183+PSS+Ar-medium membrane is most likely negative at pH ranges from 4 to 8§ at
least.

Finally, the H,PO,/HPO,> mixture in size and structure is similar to HCrO, but it is retained quite
well due to its charge.

2.2. Membrane Material Characteristics

2.2.1.Zeta Potential

The surface zeta potential, ¢ , was measured on the pristine HFM-183 membranes, as well as on the

modified ones, HFM-183+PSS and HFM-183+PSS+Ar-medium. The results of these measurements
are shown in Figure 6.
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Fig. 6.- Zeta potential vs. pH.

According to Figure 6, the HFM-183 membranes have a positive charge in almost the entire pH
window analyzed; there is an isoelectric point at pH 9.12 and a negative charge up to pH 10. The
manufacturer reports that they are positive without mentioning the pH or temperature conditions. In
any case, the membrane appears to be positive in a wide pH range.

The modified HFM-183 + PSS membranes had a negative charge throughout the pH range
analyzed. The reversal of positive-to-negative charge was due to the deposition of PSS. According
to our hypothesis, the membrane has a positive charge, while the PSS has a negative charge, thus
favoring PSS deposition.

On the other hand, these membranes had the highest standard deviations, as seen in Figure 6, which
increased to extreme pH, 3 and 10. This increase of dispersions corresponds experimentally to the
end of each titration, basic and acidic. Tangential pressure was applied during the measurement, so
it is likely that the increase in dispersions is associated with a gradual removal of the PSS deposited
on the membrane. In addition, the pH change during the measurement along with the addition of
new ions to the system could have caused the destabilization of the PSS initially deposited, favoring
its removal from the surface of the membrane.

The results of zeta potential measurements of HFM-183+PSS membranes are in accordance with
those observed in the characterizations of functional performance and stability (Sections 3.1.2 and
3.1.3). The negative charge of the HFM-183+PSS membranes favored the initial retention of
chromates, while the low stability of the deposited PSS justifies the progressive fall in the chromate
retentions, as well as the increase in water permeability and chromate flow during stability tests.

HFM-183+PSS+Ar-medium membranes are negative through all the measured pH range. These
membranes had a lower negative load and lower standard deviations than the HFM-183+PSS
membranes.

The decrease of the negative charge and the increase of the stability can be due to the treatment with
medium-power argon plasma that these membranes received. Plasma treatment favors crosslinking
of the PSS polymer chains, as well as their grafting on the surface of the PVDF membrane [42—44].
That is why the negative charge is lower than on the HFM-183+PSS membranes. However, it also
possible that plasma affects the sulfonate functional groups, which are responsible for the negative
charge of PSS, and thus reduces the negative charge. Grafting would favor the stabilization of PSS
on the surface of the membrane, which explains the small standard deviations.

These results agree with those observed in Sections 3.1.2, 3.1.3 and 3.1.4. The negative charge of
HFM-183+PSS+Ar-medium membranes led to their performance in the separation of tested anions,
while the stability of PSS on the pristine membrane caused by argon-plasma treatment kept
retention, flux, and permeability practically constant with successive stability treatments.

2.2.2.SEM Pictures
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Several transversal sections were analyzed by SEM. Some examples are shown in Figure 7. In
Figure 7a, a cut of the membrane HFM-183 is shown, providing evidence of how continuous and
uniform it is. In Figure 7b, an HFM-183+PSS section is shown. Here a PSS layer can be seen
clearly on the original active layer of the HFM-183. The discontinuity between both of these layers
can be attributed to the mainly electrostatic character of the adhesion of positive PVDF and
negative PSS. A transverse cut of the HFM-183+PSS+Ar-medium is displayed in Figure 7c,
showing a not-so-clear separation between PVDF and PSS, probably due to the grafting of PSS on
PVDF caused by the argon-plasma treatment.

Figures 7d and 7e, present transversal sections of HFM-183+PSS+Ar-medium membranes after
filtration of chromate and acid chromate, respectively. Both of these images share many features
with that of Figure 7c. Notable is the case of figure 7d that shows a membrane that after filtration of
chromates was immersed in water for 4 weeks and in NaOH for 24 hours, followed by another 24
hours in HCI. These features of Figures 7d and 7e show that their modifications were
morphologically quite stable.
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Fig. 7.- SEM pictures of transversal sections of: a) HFM-183, b) HFM-183+PSS, c) HFM-183+PSS+Ar-medium, d)
HFM-183+PSS+Ar-medium after chromate filtration and e) HFM-183+PSS+Ar-medium after HCrO s filtration.

2.2.3. Pore Size from Computerized Image Analysis

From SEM images of the surfaces of the membranes like those shown in Figure 8, the pore-size
distributions (actually, the pore-size distribution of pore openings) can be obtained by computerized
image analysis.
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Fig. 8.- Surface SEM image for the membranes: HFM-183 (left), HFM-183+PSS (center) and HFM-183+PSS+Ar-
medium (right).

It can be seen from these images that the HFM-183 membrane shows sharper definition of the pore
borders. Moreover, the HFM-183+PSS membrane clearly has a less compact appearance than the
HFM-183+PSS+Ar-medium.

After image analysis, pore-size distributions appeared quite asymmetric with long wide-pore tails.
Thus, they have been fitted to log-normal distributions as shown in Figure 9. It is worth noting that
although the wide-pore tails remain unchanged for all the three membranes studied (HFM-183
(left), HFM-183+PSS (center) and HFM-183+PSS+Ar-medium), there is a slipping of the
distributions’ maxima to markedly narrower pores. In any case, the MWCO of the pristine HFM-
183 membrane would correspond to a pore radius of around 15 nm [45]. Given that the membranes,
as a result of our modifications, show quite similar wide-pore tails, we can conclude that the size
effects would be insufficient by themselves to explain the retentions obtained.
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Fig. 9.- Log-normal fitted distribution. The insert shows raw and fitted data for the HFM-183+PSS+Ar-medium
membrane.

In Table IV, the statistical parameters for the pore-size distributions presented in Figure 9 are
shown. The decrease of mean pore sizes might be a consequence of tight linkage of PSS on PVDF
and of the crosslinking induced by intermediate-power argon-plasma modifications. Nevertheless,
the size of the anions (according to Table III they have diameters below 0.5 nm) does not justify
their retentions, which, in consequence, must be determined by electrostatic interactions. So along
with the results of zeta potential we can conclude that the separation mechanism is influenced more
by electrostatic interactions than by the pores’ size. The electrostatic relevance in retention is
distinctive for nanofiltration.

Table I'V. Statistical parameters for the log-normal pore size distributions shown in Figure 9.
Membrane p+ o (nm)
HFM-183 8.90 +0.30
HFM-183+PSS 5.80 £ 0.40
HFM-183+PSS+Ar-medium 5.40 £ 0.50

2.2.4.Energy-dispersive X-ray Spectroscopy (EDS)

In order to study the elemental composition of the membranes it is worth considering that the
electron beam can penetrate below the surface of the sample. A simulation performed and analyzed
using the apparatus software suggests that electron beams in the 20 to 30 kV range can penetrate as



far as 500 nm below the membrane samples. The percentages of several elements detected by EDS

are shown in Table V.

Table V. Elemental analysis by EDS of the samples of Figure 7.
Percentage
z 51 )
%))
e & 2 g 2 S5 2T g
Element — 9 aj E ?ij 2 = a__‘ § Z
P — n 3 N 2 on 5 qé
23 00 o0 é 00
T = — —£35 — £ 8
= e =3 =3
s T E T g
Carbon 64.4+32 51.7+£2.6 55.6+2.8 63.2+3.2 64.4+32
Fluoride 242+1.2 322+1.6 26.7+1.3 271+14 253+1.3
Oxygen 739+£037| 9.56+048 10.4+£0.5 4.14 £0.21 4.13+£0.21
Nitrogen 333£0.17| 2.59+0.13 2.62+0.13 2.50+0.12 2.50+0.12
Sulfur 031+0.02| 243+0.12 249+0.12 2.11+£0.11 2.13+£0.11
Chloride 0.33+0.02| 0.03+0.01 N.D. N.D. N.D.
Aluminum 0.04 +0.01 0.37 £ 0.02 0.25+£0.01 0.04 +0.01 0.02 £ 0.01
Sodium N.D. 1.16 £ 0.06 1.88 £0.09 0.83 +0.04 0.99 + 0.05
Potassium N.D. N.D. N.D. 0.12£0.01 0.50 +£0.01
Chrome N.D. N.D. N.D. 0.01 +0.01 0.02 £ 0.01
N.D. = Not detected.

PVDF should give a carbon-to-fluoride relation of C/F=1 (-[CH,-CF,],-), i.e. 50% C as observed in
membranes made out of pure PVDF [46]. In the case of the pristine membrane HFM-183, some
other elements appear, displacing this percentage. These elements are: oxygen, sulfur, chloride,
nitrogen and aluminum. The C-F asymmetry (C/F=2.7) can be due to the effect of the support
membrane (probably polysulfone or polyethersulfone) and the modification of PVDF to make it
positive (possibly quaternary ammonium groups that justify the presence of N). Both of these
factors-would explain the increase in C and the presence of O, N and S. Cl can play the counter-ion
role for the net positive charge of the membrane. With regard to the small aluminum content, it can
be attributed to the fabrication process or alternatively to the sample preparation. Many different
procedures have been used to get positively-charged PVDF membranes, [47-51]. It is worth noting
that the changes in the C/F composition could be due to some changes of the functional groups on
the surface, but they can also be caused by the electron-beam penetration into the support
membrane.

The HFM-183+PSS membrane has a more symmetric C/F relation of 1.6. It is worth noting that
assuming that PVDF would contribute 32.2 % of C (C/F =1), and once this amount of carbon was
subtracted and after renormalization, the composition, which should be attributed exclusively to
PSS, would be C=62%, O=30% and S=7.7%. This compares well with the theoretical composition
of PSS (C=66.66%, 0=25% and S=8.33%). This would be the case if we were detecting a 32.2 %



contribution of the PVDF of the pristine HFM-183 that would act now as a substrate of the PSS
layer of the HFM-183+PSS. In this case the electron beam could not penetrate into the original
support of HFM-183. The small increase of O content over the theoretical one could be due to the
positive charging of the HFM-183 membrane. The reduction of the nitrogen content is compatible
with the addition of the PSS. Chloride content falls, which can be due to the absence of positive
charges to be balanced. Because now that there are negative charges on the PSS, the counter-ion
role is played by Na, which is, in fact, present in a small proportion.

The HFM-183+PSS+Ar-medium membrane has a composition quite similar to that of the HFM-
183+PSS membrane. Now there is 27.45 % of F; if the same amount of C was subtracted and after
renormalization, the composition, which should be attributed exclusively to the PSS, would be
C=69%, 0=25% and S=6%. This composition would be not far from the theoretical one for PSS.
This would mean that now the electron beam would penetrate less through the more compacted
(crosslinked) PSS layer. Chloride is now undetectable and sodium increases as far as it would be
empowered as a counter-ion of the only negative charges remaining.

Both of the HFM-183+PSS+Ar-medium membranes after CrO,> and HCrO4 permeation show quite
similar compositions. Oxygen and sulfur compositions decrease slightly, possibly due to acid or
alkaline hydrolysis of the sulfur-containing groups. Chromium is present but in small amounts,
which would seem to confirm that there was no adsorption of chromate, because it was retained by
electrostatic repulsion instead. Moreover, potassium substituted sodium as the counter-ion for the
negative charges.

In short, EDS seems to confirm the presence of PSS on the PVDF membranes and the presence of
negative charges on PSS substituting the positive charges on PVDF. Moreover, the shorter
penetration into the layer below PSS found for the HFM-183+PSS+Ar-medium membrane could be
explained by a consolidation of PVDF plus PSS as a consequence of the plasma treatment.

2.2.5. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (FTIR-ATR)

Figure 10 shows FTIR-ATR results for the HFM-183, HFM-183+PSS and HFM-183+PSS+Ar-
medium membranes and compared with FTIR-ATR spectra of a pure PSS film as reported by Li et
al. [52].
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Fig. 10.- FTIR-ATR spectra for: a pure PSS film (a) the HFM-183 membrane (b), the HFM-183+PSS membrane (c) and
the HFM-183+PSS+Ar-medium membrane (d).

Referring to the pure PSS film shown in Figure 10a, there are the following peaks in the FTIR-ATR
spectrum: from 3700 to 3000 cm! , a stretching signal due to water vibration; three small peaks
around 3100 cm™! corresponding to the stretching of the aromatic (~C=H) groups. At 2920 cm!
there are two signals for stretching vibrations of alkyl groups (C—H); at 1642 cm™! there is a peak
linked to the structural water; at 1600, 1500, 1450 and 1410 cm! there are stretching vibrations of
the aromatic ring (—C=C-); at 1180 and 1110 cm’!, stretching asymmetric vibrations of the (—SO;")
group; at 1040 and 1005 cm’!, symmetric stretching vibrations of the group (—SOj’), appear. Finally,
at 836, 771 and 677 cm' there are peaks corresponding to out-of-plane (wagging or twisting)
vibrations of the (=C—H) group.

In Figure 10b, the spectrum for the HFM-183 membrane is presented. It agrees with those obtained
by Bormashenko (for PVDF films) [25] and by Ekambaram (for nanofiltration membranes made of
PVDF) [53,54]. Also, there are signals of ammonium ions (NH;") that would confer a positive
charge on the membrane, as well as its possible counter-ion, the ion acetate (CH;COO"). The
chloride ion, however, another possible counter-ion for ammonium, does not show signals in
infrared (4000 — 625 cm!). There is a barely-perceptible signal corresponding to the stretch
vibration of the ammonium bonds (N-H). There are a pair of double peaks at 2863 and 2926 cm’!
corresponding to the symmetric and asymmetric stretching of the methylene groups (~CH,—) of the
polymeric chain. At 1727 cm! there is a signal of stretching associated with the carbonyl group



(C=0) of the acetate ion. At 1403 cm! there are scissoring vibrations of methylene groups. From
1435 to 1390 cm! there is a signal of ammonium ion overlapping, due to the proximity of the signal
of methylene groups. From 1260 to 1230 cm! the stretching vibration associated with the acetate
bond (C-O) appears. From 1245 to 1140 cm™! there are out-of-plane signals for the (—-C—F) group.
At 923 cm! there is an out-of-plane signal for the (-C—H) group and, finally, at 840 cm! there is a
rocking vibration of methylene groups. Those signals related to membrane charge (ammonium and
acetate) have less intensity due to the small amount used, as well as their dispersion in the
membrane.

Figures 10c and 10d, present the spectra for HFM-183+PSS and HFM-183+PSS+Ar-medium
membranes. In both spectra, the peaks corresponding to —C—F (from HFM-183) and to -SO5" (PSS)
can be observed. The HFM-183+PSS+Ar-medium membrane does not exhibit either any relevant
displacement or changes of the peaks corresponding to PSS (-SO5) or to PVDF (-CH,- and -CF,-).
This would seem to rule out any relevant change in PVDF or PSS chains due to the argon-plasma
treatment.

Around 1900 cm' there are weak signals that are hardly observable. Another medium-intensity
signal is between 800 and 850 cm-!, which slightly overlaps with the PVDF peak at 840 cm™'. A
shoulder can be seen at 830 cm!. These signals do not appear in the HFM-183+PSS spectrum. This
could be attributed to the appearance of new links between PVDF and PSS that could consolidate
the composite membrane. This could lead to a certain degree of immobilization or grafting of PSS
on PVDF [42-44].

In summary, FTIR-ATR shows that PSS is well-deposited on the HFM-183 (PVDF substrate);
moreover, it seems that plasma treatment increases linkage between PSS and PVDF.

3. Conclusions

A new methodology for the modification of PVDF ultrafiltration membranes has been tried and
tested for separate anions. The modification in question was performed by filtration of an aqueous
PSS solution that led to a deposition of 0.071 g of PSS/cm? on the membrane. The membrane
obtained was then treated with argon plasma at an intermediate power. Because the original
ultrafiltration membrane, HFM-183, was positively charged and PSS is negative, the electrostatic
interaction ensured an initial anchoring of the PSS layer. The subsequent plasma treatment
consolidated this linkage in such a way that the resulting HFM-183+PSS+Ar-medium membrane
showed good stability during long-term water immersion and alkaline and acidic treatments.

The changes on the surfaces after modifications were tested by using zeta potential, FTIR-ATR,
SEM, and EDS. They confirmed the formation of supplementary bonds linking PSS on PVDF
(HFM-183) and a compaction of PSS after argon-plasma treatment at intermediate powers. This and
stability tests showed that after plasma treatment the PSS layer was consolidated. The zeta potential
showed a negative charge at pH 3 — 10, remaining practically stable. EDS showed a small presence
of chrome on the used membranes, meaning that separation was mainly determined by electrostatic
repulsion. Image analyses of the SEM pictures show that the average pore radius decreased after



modification by 60.67% to 5.40 nm. This radius is still big enough to reject any significant effect of
size restrictions on the anions.

Due to the negative charge of these modified membranes, they were used to filtrate different anionic
solutions of: nitrate, acid chromate, chromate and a mixture of acid/diacid phosphate. These
differently-charged anions gave acceptable retentions considering their observed retention
coefficients. The corresponding true retention coefficients were quite high, which means that
retention should benefit from a more efficient design of module and fluid mechanics. Retention was
due to electrostatic effects fundamentally.

We can conclude that after modification, the membranes are rather selective to divalent (or
polyvalent) anions. According to zeta potential and membrane performance characterizations, these
modified membranes behave like nanofiltration membranes in terms of the retention mechanism
and the resulting retention coefficients, but they have the ultrafiltration characteristic of working at
lower pressures, with the corresponding savings of energy.
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Fig. 1.- Observed retention versus volume flux of chromate solutions for different plasma
treatments. Lines correspond to the best straight line fitting the data.
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Fig. 2.- a) Water permeability rate of change due to water immersion b) Relative changes in
water permeability after alkaline and acidic treatments for different plasma treatments.
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Fig. 7.- SEM pictures of transversal sections of: a) HFM-183, b) HFM-183+PSS, c¢) HFM-
183+PSS+Ar-medium, d) HFM-183+PSS+Ar-medium after chromate filtration and e) HFM-
183+PSS+Ar-medium after HCrO ,filtration.
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Fig. 8.- Surface SEM image for the membranes: HFM-183 (left), HFM-183+PSS (center) and HFM-
183+PSS+Ar-medium (right).
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