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Abstract

Three AFC membranes from PCI, of the thin film composite (TFC) nanofiltration 
type, have been characterized by using XPS, AFM, Contact angles, Zeta potential and 
permeation experiments. This plethora of complimentary methods portrays a deep and 
exhaustive description of these membranes that could be used to tune fabrication and 
modification of nanofiltration membranes to get better properties.

Morphological properties, including porosity, water permeability, fractal 
dimension, Wenzel parameter and roughness, correlate well with pore sizes. While 
functional characteristics as, for example wettability correlate well with the O/N ratio. 
Increasing O/N ratios should be interpreted as caused by increasing PVA coverages. 

The charge on the membrane’s surface is ordered in a different way for different 
pH but are quite similar anyway. The effect of charges on retention of 1:1, 1:2 and 2:1 
salts (as tested with NaCl, Na2SO4 and CaCl2) increases with increasing O/N and 
wettability. Consequently, the trend of salt retentions can be explained in terms of the 
PVA coverage and the details of the amphoteric behavior of the three AFC membranes 
studied. 

Keywords:
Nanofiltration; Surface charge; Surface morphology; Wettability; Salt retention. 
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1. Introduction

Recently, nanofiltration (NF) has been extensively used in many water, chemical 
and biotechnological applications due to its ease of operation, as compared to the 
conventional processes and other membrane separation techniques [1]. NF has lower 
costs due to the relatively low operating pressures that it requires. This leads also to low 
energy consumption and to cutbacks in both pressure pumping and piping costs [1]. The 
effectiveness of NF membranes depends on many factors including: the charge density 
on the membrane surface; the pore size distribution; the geometry of the membrane 
module; its configuration and its mode of operation. Of course, it depends, as well, on the 
operating pressure, temperature, pH, feed flow, concentration and other factors [2].

Nanofiltration membranes have been manufactured in quite different ways, 
although, certainly, polymeric membranes are dominant [3, 4]. Especially, thin film 
composite (TFC) membranes have experienced a tremendous development since the 
concept of interfacial polymerization was first introduced by Morgan in 1965 [5] and 
eventually reached a history of success [6]. Some evolution of the concept appeared 
including, for example, thin film nanocomposite membranes (TFN) [7]. Currently, the 
use of TFC membranes dominates the applications of NF and RO and has showed a huge 
potential to be further used in applications involving gas separation, pervaporation, etc. 
Nevertheless, it is too early to conclude that this technology has already reached its 
maturity, because many opportunities remain still open [6, 7]. 

Surface modifications of nanofiltration membranes is relatively frequent mostly to 
reduce or prevent membrane fouling by natural organic matters or microorganisms. TFC 
membranes have been surface-modified to improve their hydrophilicity [8] but also to 
improve their rejection properties [9]. Others have improved both the water permeability 
and antifouling/antibacterial properties of nanofiltration membranes by surface 
modifications of PIP-TMC membranes [10]. These membranes and other polymeric 
substrates have also been surface modified by physical methods as plasma [11] or laser 
[12] treatments.

Here we will study AFC nanofiltration membranes manufactured from PCI and 
specifically the AFC 30, 40 and 80 series. These membranes have been used in many 
industrial separation applications including heavy metals rejection from water effluents 
[13-18]. Other contaminants and salts have also been rejected [19, 20] by nanofiltration 
membranes and they have been used aswell in food industries [21, 22] and the retention 
of pharmaceuticals [23]. Our aim here is to analyze the AFC nanofiltration membranes 
from the point of view of their material properties, attending to their physico-chemical, 
morphological, electric and hydrophilic properties by using a plethora of methods and 
correlating these material properties with their flux and retention features.

2. Experimental

2.1. Membranes and Chemicals

As mentioned, we will study here three nanofiltration membranes of the same 
commercial series, AFC30, AFC40 and AFC80, of the “thin film composite” type. These 
membranes are supposed to have active layers made of an aromatic polyamide supported 
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on a polysulfone substrate. Each of these tubular membranes is used arranged as a bunch 
of 18 tubes connected in series inside a stainless steel module of the B1 type AISI 316. 
The membrane tubes have an inner diameter of 12.73·10-3 m and a length of 1.2 m. The 
membranes are connected in series giving a total length of 21.60 m and a total filtration 
area, per module, of 0.864 m2. Both module and membranes were provided by PCI (PCI 
membranes a division of Xylem, White Plains, New York, USA).

 

2.2. XPS 

An X-ray Photoelectron Spectroscopy (XPS) device ESCA PROBE P made by 
Omicron (Omicron Nanotechnology, Taunusstein-Neuhof, Hesse, Germany) has been 
used. The device is provided with an EA-125 energy analyzer with 7 chanels (2.200 eV) 
and a X ray source with Mg and Al anodes. We have used the Mg anode in our 
experiments.

A semi-quantitative analysis of the elemental composition is possible by using the 
peak areas as:

(1) 
  i ii

j j j

I SM
M I S

is the area of the peak for the i-th element and  is its sensibility factor. Of course, this iI iS
can be done after an appropriate base line correction has been performed. The sensibility 
factor depends on several element and apparatus characteristics. Fort the C1s, O1s and 
N1s peaks of 1, 2.85 and 1.77 have been considered. iS

Moreover, the chemical states of elements can be studied by attending to their exact 
positions, separation and profiles. Peaks can be de-convolved into an appropriate mixture 
of Lorentz and Gaussian peaks corresponding to the different chemical states of a given 
element. Here the CASA XPS software (Casa Software Ltd, Teignmouth, Devon, UK) 
has been used and the C1s (Eb = 284.6 eV) peak was used as calibration point for shifts. 
Some details on the XPS analysis and databases for polymers can be seen in the literature 
[24, 25].

2.3. Zeta potential 

A SurPASS Electrokinetic Analyzer (Anton Paar GmbH, Graz, Austria) has been 
used to measure the streaming potential  inside the tubular membranes   p p
lumen. The device converts streaming potential to zeta potential  . Both these 
magnitudes were measured at different pH within the range 2 to 9 by using HCl or NaOH 
droplets as required. The measurements were done for 10-3 M KCl solutions. 

2.4. AFM and pore sizes 

Atomic Force Microscopy (AFM) has been performed with a Nanoscope 
Multimode IIIa scanning probe microscope from Digital Instruments (Veeco Metrology 
Inc., Santa Barbara, California, USA). AFM images allow the visualization of a surface 
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at different magnifications depending on the scan size of the image. Such images are 
stored as an array of x, y, and z strings, which makes it easy to obtain other parameters 
related to the surface that can be useful for their quantitative analysis. The average (Ra) 
and the root mean squared (Rq) roughness and pore size distributions can be obtained 
directly for different AFM explored areas by using an appropriate tool for image analysis. 
The AFM images were processed by using a fast Fourier transform (FFT) filtering 
procedure [26, 27] in order to isolate, as much as possible, pore entrances.

The so called E scanner (horizontal and vertical ranges of 10 and 2.5 , μm
respectively) has been used here. The scanned areas have gone from 40 × 40 nm to 10 × 
10 . The smallest areas of 40 × 40 nm have only been used to get the accurate optimal μm
resolution to detect the pore entrances. For scanned areas over 10 × 10  scratches and μm
other surface damages would be apparent. 

Roughness for self-similar surfaces can be characterized by their fractal dimension, 
which can be evaluated from AFM results by using the corresponding power spectra 
density function  which corresponds to the bi-dimensional roughness spectra and   

allows to evaluate the fractal dimension as [28]:

(2)8
2


f
nD

Where  is the slope of the function  in a double logarithmic scale.n   

Other coefficient of interest, mainly in conection with contact angles, is the 
relationship between the real area (As) and the projected area (Ap) of the surface:

 (3)s
W

p

Ar
A



This ratio can be called the Wenzel factor.

2.5. Contact Angles

Water contact angles were measured by a static procedure, which was carried out 
by the sessile drop method using a goniometer (FTA 200, Portsmouth, Virginia, USA). 
Contact angle was measured from digitized pictures by using an “ad-hoc” software of 
analysis. A drop of deionized water was added by a motor-driven syringe at 298.15 K. it 
is worth noting that the influence of roughness on contact angle can be taken into account 
by assuming that the actual material contact angle is not equal to the apparent one   app
but [29, 30]: 

(4)
cos

cos app

Wr


 

2.6. Permeation Plant
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Permeation experiments were performed in a semi-industrial pilot plant, designed 
and constructed by the Group of Membrane Filtration Processes Engineering of the 
Universidad de Cantabria (IPFM-UC-Spain)) [31], and shown schematically in Figure 1. 
The plant is provided with a motor pump covering a wide range of pressures from 
microfiltration (MF) to reverse osmosis (RO). Within this plant, three membrane modules 
of the B1 type were inserted with the AFC30, AFC40 or AFC80 membranes inside. Both 
permeate and concentrated were returned to the feed tank to maintain stationary 
conditions. Pressures up to 4 MPa were used with a high feed cross flow of 1600 L/h at a 
temperature of 30 ºC. Isotonic NaCl, Na2SO4 and CaCl2 concentrations were used, namely: 
0.01M for Na Cl, 0,00769 M  for Na2SO4 and 0,0073 M for CaCl2. The resulting natural 
pH was approximately neutral (in the 6.5 to 7 range). Concentrations were measured by  
using an HQ40D Portable Multi Meter with a conductivity (CDC401) probe, pH, 
Conductivity, IntelliCAL Hach Compay (Loveland, Co, USA). The same multi-meter 
with an appropriate probe (PHC 101) is used to measure pH. Concentrations were 
occasionally tested by comparison to those measured by inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) with an Agilent 720 ICP Optical Emission 
Spectrometer (Agilent Technologies, Santa Clara, California, US). 

Prior to any experiment, the used membranes were stabilized during at least 1-2 h 
at the maximal working pressure of 4 MPa. The corresponding water permeability was 
measured between each single experiment and cleaning was performed if necessary until 
the original water permeability was restored. Cleaning was done by permeating P3-
Ultrasil53 solutions in concentrations from 0.2 to 1% w/w at 40 ºC.

2.7. Retention

The retention coefficient can be evaluated as:

Fig. 1.- Scheme of the permeation plant used.
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(5)1  p
t

m

c
R

c
Here is the concentration of the permeate, while is the concentration in close contact pc mc

with the feed side of the membrane. This Rt is customarily called true retention 
coefficient. Nevertheless, it is worth noting that the only directly accessible retention 
coefficient is the observed retention coefficient:

(6)1  p
O

f

c
R

c

 This coefficient includes , the feed concentration, instead of .fc mc

According to the film layer model for concentration polarization, cm is given by: 

(7)
V

m

J
K

m p f pc = c + c -c e  
The mass transfer coefficient,  (with D the diffusivity of the solute and the mK D  

thickness of the concentration-polarization layer) could be evaluated by using an adequate 
correlation of dimensionless numbers (Sh, Re and Sc, Sherwood, Reynolds and Schmidt 
numbers respectively) as:

(8)Sh (Re) (Sc)  A

with: 

(9)h m hRe d / , Sc / D, Sh K d /D     

 is the mean speed in along the feed channel and dh is its hydraulic diameter. The feed 

fluid has a density  and a viscosity , that can be approximated by those of pure water 
with errors below 0.2% [32]. A,  and  depend on the referred dimensionless numbers.

In our experimental conditions, we have 6000<Re<21000 with 900<Sc<1100 (with 

 corresponding to the inner diameter of the tubular membranes). In hd 312 .73·10 m

these circumstances, the Chilton-Colburn (A=0.023,  and , Prandtl-Taylor 
(A=0.34,  and  or Harriot-Hamilton (A=0.0096,  and   
correlations [33, 34] have been advised in the literature [35]. Once  is known, we can 
reorder Eqs. (7) and (8) to get: 

(10)Km


(11)1 1
hAD d

 
  




   

  
 

Then Eq. (6) can be written as [36]:

(12)0

0

1ln ln
1 1  

       
t V

t

R R J
R R
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This would allow obtaining from a plot of  against . Of  ln 1 t tR R  0 0ln 1R R VJ 
course this procedure would only be possible if is previously known and the 
experimental conditions make constant. would be, at least  ln 1 t tR R  ln 1t tR R
approximately, constant when cm is high enough as to give fluxes not depending on , p

which is not our case, because then the flux would be mainly convective. It would be also 
nearly constant when fluxes are low enough as to correspond to mainly diffusive conditions 
with a linear increase of cp with cm which is very nearly true in our experimental conditions 
[35].

3. Results and Discussion

3.1. XPS Analysis

The corresponding percentage abundances of the elements detected on the surface 
of the membranes by XPS are shown in Table I.

Tang and coworkers represented the O content versus the N one with lines 
corresponding to aromatic and linear polyamides and they extracted valuable information 
on some polyamide membranes and their coatings by using the kind of representation 
[37] used in Figure 2. Some other membranes taken from literature are also shown there 
for the sake of comparison. In Figure 2a, light and dark gray circles correspond to those 
already shown by Tang and coworkers [37-39]. Light gray squares correspond to several 
-irradiated membranes [40, 41]. Gray diamonds correspond to chlorinated RO 
membranes [42]. Wei and coworkers grafted a RO membrane with 3-allyl-5,5-
dimethylhydantoin (ADMH) [43], the corresponding series for increasing grafting times 
is shown in Figure 2b. Our membranes are also shown in the figure as blue circle symbols. 
Note that they fit well to a progressive high polyvinyl alcohol (PVA) coverage of 
polypiperazineamide (PPA) aromatic material. Hollow symbols correspond to linear and 
aromatic polyamide (PA) and polypiperazineamides (PPA) [37, 44-46].

Trimesoyl chloride (TMC) and piperazine (PIP) are two of the most extensively 
used monomers for formulating TFC NF membranes that have active layers with 
polypiperazineamide [47, 48]. An et al. [49] introduced PVA as a co-additive with PIP 
during its interfacial polymerization with TMC and analyzed the resulting NF membranes 
by XPS and other methods. The corresponding N-O plot is also included in Figure 2b 
(light blue circles) and fits well with the postulated straight, from aromatic PPA (TMC-
PIP) to PVA representative points, fitted to our membranes. It is worth mentioning that 
different conditions of synthesis [50] and different substrates could give slightly different 
XPS results [51, 52]. Note that light blue and red X-shaped symbols are experimental 

Table I.- XPS elemental percentages. (ref. to the global amount).
Membrane % C % O % N O/C N/C O/N

AFC30 65.83 32.27 1.90 0.490 0.029 16.949
AFC40 69.11 23.70 7.19 0.343 0.104 3.290
AFC80 67.92 25.48 6.60 0.375 0.097 3.861
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while dark blue one is a hypothetical extrapolated representation of the un- treated base 
material for the AFC membranes. 

Fig. 2.- O versus N content of some RO and NF polyamide-like membranes taken from literature (a). Our membranes 
(large blue circles) and others are shown too (b). For more details, see the text.

Negative surface charge density can be generated by deprotonation of carboxylic 
groups (COOH → COO-) while positive charge density can result from the protonation 
of amine groups (NH2 → NH3

+) [53]. Negative charge densities can also be generated 
from PVA because, in addition to the hydroxyl groups (–OH), the PVA macromolecules 
contain a small number of acetate groups (–O–COCH3) [54]. These groups could remain 
in the polymer chains as a result of incomplete alcoholysis giving carboxyl C(=O)OH and 
carbonyl C=O groups [55]. These groups can also be caused by crosslinking of PVA, for 
example by glutaraldehyde and/or maleic acid [56], although many others crosslinkers 
have been used as other aldehydes, dialdehydes and maleic, succinic, suberic, malic or 
other acids (see Figure 3). 

Fig. 3.- Polypiperazinamide, PVA and some of the usual crosslinkers.
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It is worth mentioning that PVA is classified as a nonionic polymer that, even when 
containing reasonable amounts of ionizable acetate groups, cannot induce noticeable 
changes in the isoelectric point, IPE. It should be also added that negative charge of 
poly(vinyl alcohol chains) is due to the existence of resonant structure of polymer 
macromolecule and migration of partial negative charge from the (–CH2)-groups located 
at  positions relative to the acetate groups to carbonyl oxygen of the acetate group (and 
conversely). This dispersion of negative charge on various chain fragments would make 
its influence on the solid surface charge density minimal according to Wiśniewska et al. 
[47, 57] that worked on inorganic membranes. Tang et al. [38] commented, for other 
polyamide membranes, that uncoated membranes, with amide groups, show much higher 
surface zeta potential, giving greater isoelectric points than those coated ones. This should 
be due, according to them, to the presence of negative charges caused by the coating films 
containing oxygen atoms mainly associated with hydroxyl, carboxyl and carbonyl groups. 
Pan et al. proved that the addition of certain co-reactive as sericin, increasing O/N ratio, 
can modulate the resulting surface charges to make PIP-TMC membranes more negative 
changing the IEP from 4.7 to 3.7 [58].

It seems that AFC membranes should have negative charges ordered according to 
their O/N ratio, , that, as seen in Table I and Figure 2, is:O/N

AFC30 AFC80 AFC40
O/N O/N O/N    

Thus the sequence from more to less negative charges should be:

AFC30 AFC80 AFC40    

Although, it has to be remembered that all them have an obvious amphoteric character. 

A more detailed analysis has been done for the C1s, O1s and N1s peaks as shown 
in Figure 4. The corresponding percentages are shown in Table II.

Fig. 4.- Peaks fitted into C1s, O1s and N1S XPS principal peaks.
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Table II.- Analyzed XPS peaks and their corresponding groups.
Membranes

AFC30 AFC40 AFC80Peaks

Peak 
energy 
(eV) Groups

(% area) ref. to the 
element

C1 285 ,C C C C 76.5 56.6 63.1
C2 286 ,C O C N 17.6 30.1 26.4

C1s

C3 288 , , ,O C O H  O C N  C N

C O
5.9 13.3 10.5

N1 399 2  aminesNH 25.7 22.8 63.4
N2 400 , ,C N C N O C N  67.5 71.6 29.0

N1s

N3 401 , 
3NH  2NH R 6.8 5.7 7.6

O1 531 , , , N C O  O C N  C O

C O
93.8 87.6 96.6O1s

O2 533 , ,O C O H  H O C N 

 O C O 
6.2 12.4 3.4

Ang et al. [59] showed an XPS spectrum for a pure PPA (TMC-PIP) membrane 
they made. The corresponding percentages of the peaks fitted by them are shown in Table 
III. 

Table III.- XPS peaks detected for a pristine PPA membrane by Ang 
et al. [59]. C3a and C3b correspond mainly to N-C=O and O-C=O 
respectively.

C1s (% area)
ref. to the element

N1s (% area)
ref. to the 
elementMembrane

C1

284.6 eV

C2

285.6 eV

C3a

287.5 eV

C3b

288.5 eV

N1

400 eV

N2+N3

401 eV

TMC-PIP 47.4 40.8 9.6 2.2 11.1 88.9

If Table II and III are compared, we can see that there is an excess of C1 and a 
defect of C2 and C3 in our membranes referred to the amounts contained in pure PPA. 
Both these effects accentuate in the sequence AFC40-AFC80-AFC30. Moreover, the 
relevance of the N1 peak increases notably in all cases and especially for the AFC80 
membrane, with a clear reduction of total nitrogen (see Figure 2). The high proportion of 
N1 peak for all the membranes would be compatible with some modification of their 
surfaces to get positive charges under acidic conditions. In that connection, it is worth 
taking into account that AFC80 has an overwhelming proportion of amidogen or amine 
groups, while AFC30 and AFC40 have higher proportions of amide groups. This would 
contribute to make this membrane the most positively charged one at acidic pH as shown 
below in Figure 5. The presence of amidogen groups would give some more week acidic 
groups susceptible to give negative charges at alkaline pHs. 

Pure PVA XPS spectrum corresponds to the elemental abundances displayed on 
Table IV [60]. According to Rogojanu et al. [61], the bond energies associated with 
hydroxyl functional groups of PVA (C–OH), characteristic to this polymer can be 
identified at 286.1 eV and 531.0 eV, respectively in the C1s and O1s spectra. The final 
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two C1s components at 287.6 eV and 288.8 eV were attributed to carboxyl and carbonyl 
groups resulting from incomplete alcoholysis of polyvinyl acetate to get PVA. Although 
some influence of the crosslinking agent could affect these figures. The corresponding 
peaks detectable within the C main peak are shown in Table V. 

Table V.- PVA XPS spectrum according to Rogojanu et al. [61].

Peak Energy (eV) Percentage 
(elemental) Group

C1 284.8 54.96 C-C, CH
C2 286.1 38.79 C-O, COH
C3a 287.6 3.36 C=OC1s

C3b 288.8 2.87 O-C=O, COOCH3, COOH

Note that PVA, according to Table V, would justify an increase of C1 and a 
decrease of C2 and C3 as was found for our membranes. Note also that C3 approaches 
the percentage that should be expected if PVA were alone on the surface of the AFC30 
membrane. Of course if PVA on the surfaces of the membranes were pure, there would 
have not any C3 and C1 and C2 would be present in the same amounts (see Table IV). 
The O peak corroborates that PVA on the membrane surface is not pure because otherwise 
oxygen would give a larger O2 peak.  

Note that attending to their nitrogen content the coverage percentages (PPA 
masking) of our membranes should be: 86 % for AFC30, 54 % for AFC80 and 50 % for 
AFC40. Attending to their O or C contents and assuming the surface partially coated by 
PVA (with some content of PVAc) and taking into account that PVA and PVAc have 
quite similar O and C contents we can also evaluate the masking percentages arriving to 
quite similar results, although in these cases crosslinking could affect the figures.

One could wonder if XPS results would correspond to the active layer or could be 
contaminated by information corresponding to the polysulfone support. The absence of 
any sulfur signal in the XPS spectra analyzed assures the absence of polysulfone signals. 
Moreover, the maximal depth of analysis in XPS is below 10 nm (depending on the 
material) [62-64] while our active layers are around 1 µm thick. A mean value of 1.3  μm
has been obtained for AFC80 [65] by Atomic Force Microscopy (AFM).

3.2. Zeta potential and isoelectric point

The zeta potential results are shown in Figure 5. From this plot the isoelectric points 
should be those shown in Table VI.

Table VI.- Isoelectric points.
Membrane AFC30 AFC40 AFC80

Isoelectric point 3.7 4.1 4.2

Table IV.- Pure PVA XPS spectrum.
Peak Energy (eV) Percentage (global) Percentage (elemental)

C1 285.0 32.4 49.5C1s C2 286.5 33.1 50.5
O1s O2 532.8 34.5 100
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Fig. 5.- Zeta potential versus pH of the three membranes studied as a function of pH.

Attending to the IPEs measured here, it seems that the order of charge densities 
from more to less negative ones would follow the sequence:

AFC30 AFC40 AFC80    

Note that this order does not coincide exactly with that suggested by XPS results, 
, but are completely within the range shown by Pan et al. [58]. AFC30 AFC80 AFC40    

When the sequences of O/N and isoelectric points are compared, it is worth noting that 
both these parameters are quite close to each other for AFC40 and AFC80. Moreover, at 
pH below the isoelectric point AFC80 seems to be the most positively charged. At pH 

 the order from more to less negative is . This behavior 6 AFC80 AFC30 AFC40    

would be compatible with the presence of weak basic and alkaline groups in AFC80 
detected by XPS.

Isoelectric points for the AFC membranes have been scarcely measured. Gherasim 
et al. [14] measured the IPE of the AFC80 membrane obtaining 3.6. Szymczyk et al. [66] 
obtained an isoelectric point close to 5 for the AFC30 membrane. Others relay on these 
estimations too [13, 15]. Qadir et al. [67] accept also these results while underlying the 
similarities of the actual IPEs for these membranes and their susceptibility to ionic 
adsorption.

3.3. AFM and pore sizes

Examples of AFM pictures of the membranes studied here are shown in 3D in 
Figure 6.
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Fig. 6.- 3D AFM images of the three membranes studied here.

The pore size distributions obtained from AFM image analysis are displayed in 
Figure 7 along with the corresponding log-normal fitted distributions and corresponding 
pore radii. AFC40 and AFC80 pore size distributions were previously shown elsewhere 
by us [27]. Frequencies are normalized to unit area. 

Fig. 7.- Pore size distribution of the three membranes studied obtained from Image analysis of AFM pictures.

AFM image analysis tends to take as pore entrances some apparent pore entrances 
(actually deep valleys) somehow distorting the actual pore radii distributions. Our 
membranes follow the sequence (from wider to narrower mean pore sizes, ): pr

AFC30 AFC40 AFC80
p p pr r r 

It is worth noting that pore size distributions are wide enough as to permit very 
similar retentions for uncharged molecules. For example galactose (molecular radius of 
0.42 nm [68] give very similar true retention for both AFC40 and AFC80 being even 
slightly higher for AFC40 [27].
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Fractal dimensions, roughness and the Wenzel index are shown in Table VII. It can 
be seen that fractal dimensions are quite similar but increase as mean pore sizes do. Note 
that all fractal dimensions are between 2 and 3 meaning that the surface of our membranes 
defines a fuzzy interface that has characteristics in between 2D and 3D spaces. Roughness 
decreases as pore sizes increase. It is quite similar for AFC80 and AFC40 and 
substantially decreases for AFC30. The inverse tendency of roughness and fractal 
dimension, shown in Table VII, would correspond to increasing heights (high roughness) 
widely separated from each other (low fractal dimension) or, oppositely to highly 
fractured surfaces (high fractal dimension) with small heights (low roughness). The 
Wenzel index follows the same trend than roughness. 

Table VII.- Fractal dimension and roughness (measured from 1x1  scanned μm
regions).
Membrane AFC80 AFC40 AFC30
Fractal dimension Df 2.06 2.11 2.22
Roughness Ra (nm) 14.42 10.48 1.79
Roughness Rq (nm) 19.40 13.85 2.47
Wenzel index rW 1.30 1.22 1.08

Do et al. [69, 70] showed that roughness decreases usually for increasingly coated 
membranes. An et al. [49] proved that roughness decreased also when PVA was 
copolymerized with TMC-PIP. In our case, roughness increases as nitrogen decreases, 
which is compatible with both coating and copolymerization. In some cases, areas of 
heterogeneous roughness have been correlated by us with different XPS elemental 
abundances revealing incomplete surface coating, [71]. Here, any relevant heterogeneity 
has been detected. Misdan et al. measured roughness of TFC poly(piperazine-amide) 
membranes on different substrates obtaining: PSf-based (21.0 nm)>PEI-based (14.4 
nm)>PES-based (12.6 nm) [51], which are within the range obtained here for AFC40 and 
AFC80.

3.4. Contact Angles

Contact angles increase (and wettability decreases), as shown in Table VIII, 
according to the sequence:

AFC30 AFC80 AFC40    

Table VIII.- Apparent and material contact angles.
Membrane AFC30 AFC40 AFC80
Apparent contact angle 
app (deg) 31.0 59.9 56.6

Material contact angle
 (deg) 37.5 65.7 64.9

Adeniyi and coworkers give wide ranges for the apparent contact angles for AFC 
40 (30º-40º) and AFC 80 membranes (32º-50º) [72]. Dudziak [73] obtained an apparent 
contact angle of 31 º for the AFC 30 membrane. It is worth taking into account that 
according to Misdan et al [52] a pure pyperazine membrane over a polysulfone substrate 
gives a contact angle of 54 º. 
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Tezuka et al. measured the contact angle for pure PVA films and obtained a value 
of 51º [74] which are near those obtained by us for AFC80 or AFC40 membranes. 
Dražević et al. showed that addition of PVA on an NF270 membrane increases contact 
angle when low crosslinking was attained [75]. 
 

3.5. Permeation and Retention

Pure water permeabilities, , are shown in Table IX. Porosities as predicted by WL
the Hagen-Poiseuille equation for an active layer thickness of 1 m, are also shown. It is 
worth noting that these porosities could be affected by their quite different contact angles 
(see table VIII). Permeabilities decrease as:

AFC30 AFC40 AFC80
W W WL L L 

This is also the order of the calculated porosities. Note that porosity of AFC80 agrees 
with that evaluated previously by us by several different methods [65].

Table IX.- Pure water permeability Lw and 
porosity . 

Membrane AFC30 AFC40 AFC80
Permeability

Lw (10-11 m /s·Pa) 1.37 1.09 0.43

Porosity
 (%) 35.0 27.9 11.0

Figures 8 and 9 show the observed and true retention coefficients for the three 
membranes and three solutes studied. Here , according to the Chilton-Colburn 0 8. 
correlation, has been used because it leaded to more consistent results. Actually, this 
election for  has been proved to give good results by us [17, 18, 27, 65] for some of 
our membranes. Note that true and observed retention coefficients are quite similar, what 
means that fluid mechanics of the NF plant is quite efficient in avoiding significant 
contributions of concentration-polarization. Although as can be seen true retention is 
always over the observed one. Note that some true retention coefficients are not plotted 
as far as the variable speed method did not give consistent results for Rt in those cases.
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Fig. 8.- Observed retention of the different ions through the three membranes studied.

Fig. 9.- True retention of the different ions through the three membranes studied.

If there were PVA within the bulk material of our membranes [49] retention would 
decrease with PVA content what does not. Rather, retention does follow pore size order 
as seems reasonable. Note as well that NaCl retention is in accordance with data given by 
the supplier.

The salt retentions for each membrane gives insights on the electrostatic 
contributions to retention. Retention coefficients for different salts seem [76] to be 
determined by: 1) Donnan exclusion or 2) diffusion coefficients. Pure diffusion factors 
would give retention coefficients R (Na2SO4) > R (CaCl2) > R (NaCl). Among those 
determined by electrostatic interaction (Donnan exclusion) they can show the sequence 
R(Na2SO4) > R (NaCl) > R (CaCl2) as for negatively charged membranes  or the sequence 
R (CaCl2) > R(NaCl) > R (Na2SO4) for positively charged membranes. 
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After the examination of Figure 8, it seems clear that membrane AFC 40 acts as 
substantially neutral with diffusion determined salt retention. AFC80 gives salt retentions 
that correlate with diffusive factors but strongly affected by its amphoteric character as 
shown by its quite similar retentions for the R (CaCl2) R(Na2SO4). It is worth noting 
that diffusion might be important for AFC 80 attending to its narrow mean pore size but 
this membrane shows as well an intense amphoteric character being strongly positive 
below the isoelectric point (acidic range) and equally strongly negative over it (alkaline 
range) as shown in Figure 5. Finally, AFC 30 seems to be clearly negatively charged. 

The electrical character according to the Peeters’ series would mean that charges 
are from more to less negative, in the order:

AFC30 AFC80 AFC40    

This sequence coincides with that of O/N ratios rather than with that of the isoelectric 
points, . This Peeters’ trend for charges would agree with the AFC30 AFC40 AFC80    

tendency of wettability to increase for more charged (polar) surfaces. 

4. Conclusions

A series of TFC membranes, three AFC membranes from PCI, have been 
characterized by using XPS, AFM, contact angles, zeta potential and salt permeation 
experiments. All these methods are complimentary to get an accurate image of the main 
characteristics of these membranes. They actually coincide in showing a certain order 
among the membranes giving an insight in how they are manufactured. These trends are 
summarized in Table X.

Table X.- Summary of surface characteristics of the AFC membranes studied here.
Chemical Morphological

O/N O/N O/N
AFC30 AFC80 AFC40    

AFC30 AFC80 AFC40    

AFC30 AFC40 AFC80
p p pr r r 
AFC30 AFC40 AFC80
f f fD D D 
AFC30 AFC40 AFC80
q,a q,a q,aR R R 

AFC30 AFC40 AFC80
W W Wr r r 
AFC30 AFC40 AFC80
W W WL L L 
AFC30 AFC40 AFC80    

Electrical

: Peeters’AFC30 AFC80 AFC40     : IEPAFC30 AFC40 AFC80    

AFC30 gives the highest mean pore radius, although quite similar to those of 
AFC40 and AFC 80 that has the smallest pore size. Water permeability shows a quite 
similar trend to that of pore radii with the highest permeability corresponding to AFC30. 
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Porosity decreases with increasing pore radii. Roughness and Wenzel index are quite 
small for AFC30 and increase as pore radii decrease while fractal dimension decreases.

AFC30 membrane has the smallest nitrogen content what should be compatible 
with a highest coverage of PVA. AFC40 has the highest nitrogen content, although it is 
quite similar to that of AFC80. Contact angles follow the same sequence, increasing when 
the amount of nitrogen increases. Equivalently, hydrophilicity increases with PVA 
coverage until being maximal for the AFC30 membrane.

Finally, charges are similar although their isoelectric points are clearly more acidic 
for AFC30 and less acidic for AFC40 and AFC80. Thus the isoelectric point seems to be 
more acidic for increasing pore sizes. Nevertheless, according to salt-retention, and the 
Peeter’s procedure, charge should be more negative with increasing amounts of oxygen 
on the membrane surface (increasing coverage on the PPA active layer) rather than being 
correlated with pore radii. The high content of PVA on the AFC30 membrane would 
contribute to give low retentions for CaCl2 due to some shielding of the charged groups. 
AFC40 and AFC 80, with very similar PVA coverage can be differentiated by the 
presence of weak acid and basic groups on AFC80, not totally covered by the PVA 
coating, that give a quite similar (and high) retention of CaCl2  and Na2SO4. 

In summary, the studied membranes are quite similar in size and charge. 
Morphological properties (porosity, water permeability, fractal dimension, Wenzel 
parameter and roughness) show monotonous tendencies with pore size. While functional 
characteristics (wettability, charge and salt retention) appear as ordered according to the 
O/N ratio (PVA coverage). The knowledge of what and how different are the 
characteristics of nanofiltration membranes is correlated with their structural and 
functional properties would contribute to new ways to manufacture and modify 
nanofiltration membranes in more effective ways.
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Table Titles

Table I.- XPS elemental percentages. (ref. to the global amount).

Table II.- Analyzed XPS peaks and their corresponding groups.

Table III.- XPS peaks detected for a pristine PPA membrane by Ang et al.  C3a and C3b correspond mainly to N-
C=O and O-C=O respectively.

Table IV.- Pure PVA XPS spectrum.

Table V.- PVA XPS spectrum according to Rogojanu et al..

Table VI.- Isoelectric points.

Table VII.- Fractal dimension and roughness (measured from 1x1 ).μm

Table VIII.- Apparent and material contact angles.

Table IX.- Pure water permeability Lw and porosity .

Table X.- Summary of surface characteristics of the AFC membranes studied here.

Figure Captions

Fig. 1.- Scheme of the permeation plant used.

Fig. 2.- O versus N2 content of some RO and NF polyamide-like membranes taken from literature (a). Our membranes 
(large blue circles) and others are shown too (b). For more details, see the text.

Fig. 3.- Polypiperazinamide, PVA and some of the usual crosslinkers.

Fig. 4.- Peaks fitted into C1s, O1s and N1S XPS principal peaks.

Fig. 5.- Zeta potential versus pH of the three membranes studied as a function of pH.

Fig. 6.- 3D AFM images of the three membranes studied here.

Fig. 7.- Pore size distribution of the three membranes studied obtained from Image analysis of AFM pictures.

Fig. 8.- Observed retention of the different ions through the three membranes studied.

Fig. 9.- True retention of the different ions through the three membranes studied.
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Highlights

o 3 TFC tubular NF membranes from PCI, AFC30, AFC40 and AFC80, have been 
thoroughly characterized.

o According to XPS they have PPA active layers coated with PVA increasingly as 
AFC80  AFC40 AFC30. 

o Retention of 1:1, 1:2 and 2:1 salts show that more negative charges appear when 
PVA increases.

o More PVA increases wettability. Highest PVA coverage corresponds to the widest 
pore size.

o Wider pores give higher permeabilities, lower roughness and higher fractal 
dimensions.
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