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ABSTRACT

In membrane process industries, membrane cleaning is one of the most important concerns
from both economical and scientific points of view. Though cleaning is important to recover
membrane performance, an inappropriate selection of cleaning agent may result into unsat-
isfactory cleaning or irreparable membrane. In this study, the cleaning performance has
been studied with measurements of membrane contact angle values, surface roughness, zeta
potential and pore size by positron annihilation spectroscopy, and salt rejection as well as
flux measurement. Thin-film nanofiltration membranes such as DK, provided by
GE-Osmonics are used in this study. Tests were carried out with virgin DK. Several clean-
ing agents were investigated, some of them were of analytical grade such as HCl, NaOH,
and others such as SDS mix agents were commercial grade agents that are already in use in
commercial plants. Contact angle values, surface roughness, zeta potential and pore size,
and salt rejection as well as flux of virgin membranes before and after chemical cleaning
were measured and compared. The membrane contact angle values, surface roughness, zeta
potential, and pore size measurements with and without chemical cleaning of virgin mem-
branes were measured and revealed very interesting results which may be used to charac-
terize the membrane surface cleanliness. The membrane contact angle values, surface
roughness, zeta potential, and pore size results revealed that the cleaning agents are found
to modify membrane surface properties. The details of these results were investigated and
are reported in the paper. The salt rejection levels of divalent ions before and after cleaning
by high- and low-pH cleaning agents were looked into it.
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1. Introduction

The separation characteristics of nanofiltration (NF)
membrane stand between ultrafiltration (UF) and
reverse osmosis (RO). Membrane selectivity has often
been attributed to the mechanism of the molecular-
sieving properties of UF and the diffusion properties
of RO. It is generally recognized that membrane

hydrophobicity/hydrophilicity, pore size (and their
distribution), and surface charge may be important
factors determining separation performance and the
fouling tendency of NF membranes [1–3]. The interac-
tion of organic and inorganic colloidal substances with
membrane surfaces in aqueous media is also an
important factor, which depends not only on the
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membrane surface charge and hydrophobicity/hy-
drophilicity of the surface but also on the membrane
pore size and pore size distribution.

A large number of chemical cleaning agents are
commercially available. Five categories of cleaning
agent commonly used are: alkalis, acids, metal
chelating agents, surfactants, and enzymes [4,5].
Commercial cleaning products usually have a mix-
ture of these chemicals but their actual composition
is often unknown. The choice of the optimal cleaning
agent or chemical composition depends on feed char-
acteristics. For example, acid cleaning is suitable for
the removal of precipitated salts, such as CaCO3,
while alkaline cleaning is used to remove adsorbed
organics [6].

Flux measurement directly reflects the cleaning
process. It is generally accepted that flux decline in
aqueous solutions (containing organic and inorganic
molecules) is mainly caused by adsorption or crystal-
lization, possibly enhanced by pore blocking and/or
cake formation [7–9]. Effective chemical cleaning
would, therefore, be necessary to detach different
classes of foulants from the membrane and thereby
restore its permeate flux characteristics [10]. Further-
more, the selection of appropriate chemical cleaning
agents might be critical. This is because incompatible
combinations of cleaning agent and membrane mate-
rial could lead to irreversible flux loss and unneces-
sary costs due to excessive chemical use resulting in
reduction of membrane life [4,10]. The complexity of
cleaning processes has not yet been addressed by
many researchers and a detailed understanding is
needed for a clear knowledge of these processes.
Although cleaning is intended to restore the flux, it
often deteriorates product quality and increases the
cleaning frequency affecting plant availability.

It is my contention that the data produced by my
investigations into assessing precisely the chemical
cleaning processes by novel techniques, in order to
reach the optimum cleaning processes to restore the
flux without deteriorating the quality and thus, reduce
the membrane replacement and energy lost during
the operation can be considered to be a development
of a scientific solution to solve specific problem. The
information drawn from this work will allow signifi-
cant improvements in the efficiency of potable water
production which in turn will not only increase the
viability and sustainability of the process but also will
reduce significantly the total water cost and ultimately
improve access for the end user. More to the point,
the cleaning process can be improved and optimized
using the novel techniques described here in order to
eliminate the deterioration of the membrane active

layer by the cleaning process. This can be imple-
mented to any membrane system whether it is MF,
UF, NF, or RO membranes.

In order to predict membrane separation perfor-
mance, it is necessary to know the mean pore size and
the pore size distribution at the membrane surface.
The pore size distribution, the diffusion parameter,
and the experimental water flux through the mem-
brane were all used to calculate the retention as a
function of the molecular weight and pressure for sev-
eral different membranes. This makes it possible to
determine retention curves at different pressures, and
to calculate the variation of the MWC with pressure
[10]. Bowen et al. [11,12], developed a method called
the Donnan steric partitioning pore model (DSPM),
which is based on the extended Nernst–Planck equa-
tion (modified to include steric effects) and a modified
Donnan equation accounting for the sieving effect as
well. A theoretical background description of the
DSPM has been given in detail elsewhere [11,12]. The
DSPM has been successfully used to describe retention
of neutral solutes and ions on NF and UF membranes
and on titanium membranes with NF membrane prop-
erties [13,14]. In previous work, an updated version of
the DSPM was used [15,16]. Using this model offers
the advantage of removing membrane thickness from
the rejection equation because the NF-driving force is
redefined in terms of an effective pressure as opposed
to the volumetric flux. As a direct result, the rejection
equation for uncharged solute becomes solely depen-
dent on the pore radius. Therefore, experimental rejec-
tion setup at various levels applied effective pressures
for a solute of known size will directly characterize
the membrane pore radius. Al-amoudi et al. [17]
reported that the updated DSPM method failed to
provide any valuable information about the pore size
of the untreated and treated NF virgin and fouled
membranes.

It is well-established fact that chemical cleaning
agents such as SDS, mixed agents, NaOH, and HCl
are widely used in the applied industrial plants. The
main objective of this work and previous works is to
open-up the discussion of cleaning strategies with
those who have applied such cleaning agents in their
plants in order to restore the production and to ascer-
tain whether a correlation exists between the flux
and/or salt rejection and the data obtained from these
techniques. Cleaning processes do regenerate the
water produced, but simultaneously degrade its qual-
ity. Therefore, the efficiency of cleaning agents widely
used in the industrial plants must be investigated
thoroughly in the laboratory before they are used in
industrial plants.
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2. Experimental

2.1. Materials

2.1.1. Membrane

One specific type of commercial NF membrane, GE
Osmonics DK flat sheet membrane was used in this
study. DK thin-film membranes (TFM) are negatively
charged having a proprietary active nanopolymer
layer based on polypyperazinamide. The active top
layer of DK consists of three sublayers; [these TFM
were supplied by GE Osmonics, Florida, USA]. How-
ever, the molecular cut-off point for a DK NF mem-
brane is 150–300 Dalton [18]. Prior to the experiments,
all virgin NF membranes were soaked overnight with
or without cleaning agents in high-purity water
obtained from a Millipore ELix 3 unit.

2.1.2. Chemicals

The analytical grade salt used in these experiments
was divalent magnesium sulfate-7-hydrite (Sigma–
Aldrich). The salt concentration ions of the feed and
product were measured via conductivity. High-purity
water obtained from a Millipore Elix 3 unit (with a
conductivity of less than 1 μS cm−1) was used in these
experiments at a pH of 5.8.

2.1.3. Cleaning agents

Two analytical grade chemicals (HCl and NaOH)
and two commercial grade chemicals SDS (0.1%) and a
mixture of trisodium phosphate (0.1%), sodium
tripolyphosphate (0.1%), and EDTA (0.1%)) (TSP +
EDTA + STP) were used as cleaning agents in the exper-
iments. The commercial cleaning agents are similar to
that used in the Umm-Lujj commercial NF plant [19].

2.2. Methods

2.2.1. Cleaning procedure

New membranes were used for each set of experi-
ments. In one set of experiments, the virgin mem-
branes were rinsed several times in demineralized
water in order to remove any impurities from the vir-
gin membranes. Bench scale experiments were carried
out in this study. Several sets of experiments were car-
ried out with different cleaning agents by soaking vir-
gin membranes in cleaning agents overnight for 18 h
and then starrier for 90min. The treated virgin mem-
branes were then soaked in high-purity water for a
few hours and thoroughly rinsed using high-purity
water in order to remove any remaining cleaning
agents from the membrane surfaces.

2.2.2. Positron annihilation

Positron annihilation γ-ray spectra for the
membranes were collected at different Ein with a
Na-source-based magnetically guided positron beam
system. The line-shape S parameter was determined
as the ratio of the counts appearing in the central
region (510.3–511.7 keV) to the total counts of the 511
keV and annihilation photo peak (506.8–515.2 keV) in
the spectrum recorded with a Ge detector. The 3 anni-
hilation of o-Ps could lead to γ rays with energies
lower than 511 keV. The positron 3γ annihilation was
characterized as the R parameter, which was deter-
mined as the ratio of the counts in a low-energy
window (365.0–495.0 keV) to those in the 511 keV and
annihilation photo peak (506.8–515.2 keV) in the spec-
trum obtained as a function of Ein.

An intense pulsed-positron beam generated with
an electron linear accelerator was used to measure the
lifetimes of positrons at different Ein. Lifetime data
were recorded by determining the time interval
between the timing signal from the pulsing system
and the detection of an annihilation γ-ray using a BaF2
scintillation detector. The recorded positron lifetime
data were analyzed assuming three or four exponen-
tial components plus background to deduce the
average lifetime τ3 and relative intensity I3 of the long-
lived component of o-Ps. The free volume hole size
was evaluated from τ3 using Eqs. (1) and (2).

2.2.3. Streaming potential measurement

The zeta potential is an important and reliable
indicator of the surface charge of membranes and it is
now well recognized that charge or electrical potential
properties of membranes have a very substantial influ-
ence on their filtration performance before and after
cleaning.

Zeta potentials were determined with the electroki-
netic analyzer (Anton Paar KG, Graz, Austria) based
on the streaming potential method. Zeta potential as a
function of pH was studied.

2.2.4. Contact angle measurements

The hydrophobicity/hydrophilicity of several sam-
ples of both treated and untreated virgin membrane
was determined via contact angle measurement using
the Fibro DAT 1100. The instrument consists of a
syringe containing the test liquid, tubing through
which the liquid is passed, a cannula through which
the drop is delivered to the test chamber, a testing
block onto which the substrate is mounted, and a
CCD camera to record the change in dot profile.
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2.2.5. Atomic force microscopy

Atomic force microscopy (AFM) is a high-resolu-
tion imaging technique that can be utilized to study
the surface morphology of separation membranes. It is
utilized to obtain three-dimensional topographical
images of membrane surfaces up to atomic level reso-
lution in air or in liquid by scanning a sharp tip, situ-
ated at the end of a microscopic cantiliever, over the
surface. An additional advantage of this technique,
other than the high resolution achieved, is that no spe-
cial sample preparation is needed. No heavy-metal
coating is required as in SEM and TEM techniques
that might give some imaging artifacts and have a ten-
dency to damage the membranes. A more true surface
morphology of a polymeric membrane can be
observed by AFM. The AFM may be used in a num-
ber of different modes: contact mode, non-contact
mode, and tapping mode.

A piece of treated and untreated virgin of dimen-
sion 1 cm × 1 cm was placed onto metal sheet with
stick glow in order to affix the membrane sample
prior to any AFM measurement. The AFM used for
imaging was a Dimension 3100 (Nanoscope 3, Vecco
instruments, USA). Treated and untreated virgin NF
TFM membrane surfaces were imaged in contact
mode in salt solution (NaCl 0.1M) using a tip with
coated, unsharpened microlevers (MLCT-AUNM,
Veeco, Cambridge, UK). The surface morphology was
measured in liquid with scan rate of 1 Hz at 516 × 516
resolution in contact mode.

The membrane surface was also imaged in air
(20˚C, RH 40 ± 5.0%), via tapping mode. Tapping
mode probes (Olympus, Japan) with a spring constant
of 42 N/m and a nominal tip radius of 5 nm were
used throughout. Images were obtained from areas of
5 × 5 μm and 1 × 1 μm at a scan rate of 1 Hz. All images
were obtained with the same imaging parameters;
amplitude set point, loading force, and scan rate.
Topographical (height) and phase images were cap-
tured simultaneously, with five images captured from
different locations on a surface.

2.2.6. Flux and rejection measurements

In order to characterize the cleaning efficiency, the
flux and the rejection of divalent (MgSO4·7H2O at
2,482 ppm) salt were measured. Permeation and rejec-
tion experiments with divalent salt solutions in dem-
ineralized water were carried out using a laboratory-
scale cross-flow recirculation test unit. The test unit
consisted of a rectangular membrane cell, a feed reser-
voir, a variable speed gear pump, a flow meter to
measure cross-flow, a balance for measuring filtrate

flow, pressure transducers, a temperature control sys-
tem, and a computerized data logging system.
Detailed descriptions of the unit and instrumentation
can be found elsewhere [18,20]. The pressure of the
inlet and outlet was maintained at 400 kNm2 and
cross-flow rate was maintained at 0.35 l/min by
employing variable speed drive. All experiments were
carried out at a temperature of 25˚C.

2.2.7. Model flux and rejection measurement protocol

A new piece of membrane was placed in the cell
and water was then passed through the cell to wash
out any impurities that might have been present. This
procedure was repeated twice. Then, a MgSO4·7H2O
model solution at 2,464 ppm concentration was passed
through the membrane. The rejection was measured
after 20ml of permeate passed through the membrane.
Then, the cell was washed thoroughly by circulating
fresh water at the same pressure. This procedure was
repeated once or twice with the new virgin mem-
branes.

3. Results and discussion

Both untreated and treated virgin DK TFM with
high- and low-pH cleaning agents were characterized
using pore size measurement via the positron
annihilation, AFM, zeta potential, and contact angle
measurements as well as flux and salt rejection
measurements. A correlation was found between the
pore size, zeta potential, and contact angle measure-
ments and AFM measurement for untreated and
treated NF membranes, flux, and salt rejection.

3.1. Pore size (positron annihilation)

Based on earlier and present work, the effects of
membrane pore size and surface state were deter-
mined. However, the effect of cleaning agents had
pronounced effects on the pore size and surface state
as well [18,21,22]. At high-pH values cleaning agents,
consisting of SDS or a mixture of trisodium phos-
phate, sodium tripolyphosphate, and EDTA (recom-
mended by the membrane manufacturer) had a
marked effect on the pore size and the pore size
expanded to 0.30 and 0.31 nm, respectively, when
compared with pore size of untreated NF virgin mem-
brane (0.277 nm) (Table 1) [1]. Whereas, at low-pH
chemical cleaning with HCl had minor effect on the
pore size of 0.28 compared with untreated NF virgin
membrane of 0.277 nm. On the other hand, chemical
cleaning agent of NaOH had expanded the pore size
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from 0.277 to 0.29 nm. Thereby, the positron annihila-
tion technique is a powerfull technique to measure the
change in the pore size that had been affected by
chemical cleaning agents.

3.2. Zeta potential measurement

The effects of temperature, pH, and the cleaning
agents on membrane zeta potential were determined.
The temperature was found not to have any signifi-
cant effect on membrane zeta potential; however, the
effect of pH and cleaning agents had pronounced
effects on the surface charge and zeta potential. At
high-pH values cleaning agents, consisting of SDS or a
mixture of trisodium phosphate, sodium tripolyphos-
phate, and EDTA had a marked effect on the zeta
potential of DK membranes when compared with
other cleaning agents [1]. The results of the zeta poten-
tial vs. pH for the untreated NF TFM at 25˚C are con-
sidered. The virgin NF TFM of DK was positively
charged at low pH with an isoelectric point between
pH 3.9 and negatively charged at high pH [1].

3.3. Contact angle measurement

The contact angle measurement provides valuable
information about the membrane surface state, and is
also a reliable technique to assess the surface state of
cleaned NF membranes. The contact angle results
revealed that the cleaning agents modified the mem-
brane surface properties of the virgin membranes. This
study shows that the cleaning has a major effect on
the performance of NF membranes and their surface
properties. The contact angle measurements indicate
that mixed and SDS cleaning agents had a very
adverse effect upon the virgin NF membranes. The
membrane surface properties were modified to the
extent that the flux was increased by over 100% and
the membrane hydrophilicity increased significantly
(low contact angle measurement), indicating irre-
versible chemical reaction and adsorption on the
membrane surface (Table 2). However, the NaOH and
mix cleaning results revealed better performance

showing a considerable cleaning efficiency, whereas
use of HCl as a cleaning agent resulted in poor clean-
ing efficiency [21].

3.4. AFM analysis

The results of surface roughness obtained by AFM
measurements reveal that the cleaning efficiency can
be evaluated by this technique. For the cleaned mem-
branes, the lowest surface roughness, with Ra = 2.1
(±18.4%) nm, was obtained for the virgin membrane
cleaned with HCl (low pH cleaning) whereas the
roughest surface area, with a Ra = 14.0 (±53.5%) nm,
was obtained for the fouled membrane cleaned with
mix agents (high pH cleaning) (Table 3). These results
indicate that adsorption phenomena could be recog-
nized by AFM techniques. Roughness is an important
indication as to how a surface will interact with
cleaning agent materials.

3.5. Flux and rejection

In order to obtain the experimental data to charac-
terize the treated and untreated membranes, cross-
flow unit was used to conduct the water filtration
tests. Permeation experiments with divalent salt
solutions were conducted utilizing a cross-flow

Table 1
Results on the positron annihilation lifetime measurements

Sample Note Lifetime (ns) Radius (nm)

1 Virgin membrane 1.90 0.277
2 Virgin membrane treated with SHMP+ EDTA 2.20 0.31
3 Virgin membrane treated with SDS 2.19 0.30
4 Virgin membrane treated with HCl 1.96 0.28
5 Virgin membrane treated with NaOH 2.0 0.29

Table 2
Contact angle measurements for virgin NF DK, DL, and
HL membranes cleaned with various cleaning agents [21]

Contact angle measurement
θ
DK

Virgin NF 45.10
Cleaned virgin-HCl 45.66
Cleaned virgin-NaOH 39.45
Cleaned virgin-SDS 28.00
Cleaned virgin-mix 34.85

Note: The standard deviation of the results was less than 5%. The

mix agent consisted of a mixture of trisodium phosphate (0.1%),

sodium tripolyphosphate (0.1%), and EDTA (0.1%).
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recirculation test unit. Treated DK membranes were
found to exhibit higher fluxes than for untreated vir-
gin membranes when the model solution was used as
feed. For example, the flux increased by more than
double for the virgin membrane after it was cleaned
with the high-pH cleaning agents. Highest flux (17.6
kg/m2 h) was achieved by treating the membranes
with mix cleaning agent and lowest (9.2 kg/m2 h)
using HCl cleaning compared with untreated mem-
brane flux that was 5.6 kg/m2 h (Table 4). While the
flux for NF membrane treated with SDS and NaOH
was about 16.0 and 14.5 kg/m2 h, respectively. In
order to characterize the cleaning efficiency, the rejec-
tion of the divalent (MgSO4·7H2O at 2,482 ppm) salts
was measured using cross-flow recirculation test unit.

The divalent rejection of MgSO4·7 H2O for virgin DK
TFM was about 96.5% (Table 5).

The rejection of divalent ions in the case of virgin
NF TFM cleaned by HCl, NaOH, and mix of 96, 94,
and 92.4%, respectively, exhibited slightly close to
untreated virgin membrane (Table 5). Conversely, in
the case of SDS cleaning agents for virgin NF TFM,
the rejection of divalent was found to exhibit signifi-
cantly lower rejections (88%) than the untreated mem-
brane (96.4%).

3.6. Correlation

Due to the low number of data, the correlation
only give a preliminary indication of the possible cor-
relation that could exist—more work would be needed
to make the correlation more consistent. From this
point of view, as mentioned in the objective, this
study is intended to evaluate the validity of these
techniques, whether it is possible to obtain useful
information about the pore size, zeta potential, contact
angle, and AFM measurements of membrane after
cleaning or not, and also to find out whether a

Table 3
Surface roughness of the DK NF membrane when cleaned with various cleaning agents

Uncleaned Cleaned with HCl Cleaned with Mix Cleaned with NaOH Cleaned with SDS

Z Ra Z Ra Z Ra Z Ra Z Ra

Virgin membrane (1 μm)
Mean 18.5 ± 1.1 2.0 ± 0.3 58.8 ± 2.1 2.1 ± 0.3 50.7 ± 1.9 5.7 ± 0.9 51.0 ± 2.2 5.8 ± 1.0 81.0 ± 2.7 9.1 ± 1.0

Fouled membrane contact mode (liquid) 1 μm
Mean 165.5 ±

20.7
14.8 ±
3.6

39.0 ±
15.6

12.8 ±
3.6

141.1 ±
19.7

14.0 ±
3.1

146.9 ±
24.3

13.1 ±
4.5

142.5 ±
27.9

13.9 ±
3.9

Note: The Mix agent consisted of a mixture of trisodium phosphate (0.1%), sodium tripolyphosphate (0.1%), and EDTA (0.1%).

Table 4
Flux of hydrated magnesium sulfate of virgin NF mem-
brane standard deviation is less than 5%

kg/m2h

Untreated membrane Virgin DK
5.6

Treated membrane by
HCl 9.2
NaOH 14.5
Mix 17.6
SDS 16.1

Table 5
Rejection of magnesium sulfate of virgin NF

Rejection (%) DK

Untreated 96.4
Treated by HCl 96.0
Treated by NaOH 94.0
Treated by SDS 88.0
Treated by mix 92.4
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Fig. 1. The correlation between pore size and flux for
virgin membrane cleaned by various cleaning agents.
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correlation exist between the flux and/or salt rejection
and the data obtained from these techniques. If it
does, then subsequently the variation of cleaning con-
centration and the cleaning procedure will be worthy
of study in order to find out what is the optimum
cleaning system. The correlations figures between pore
size and the flux as well as the salt rejection have

shown very positive results. Correlations are found to
exist for both untreated virgin NF membrane and trea-
ted virgin NF membrane. Nevertheless, the result
obtained from the correlation between the pore size
(free volume hole radii) and flux for the treated and
untreated virgin membranes indicate that the radius
of these membranes conveys very useful information.

0

5

10

15

20

25

30

35

20 25 30 35 40 45 50

Contact Angle

Fl
ux

 (k
g/

m
2 hr

)

SDS cleaning Mix cleaning NaOH Cleaning HCl cleaning No cleaning

Fig. 2. The correlation between contact angle values and the flux for cleaned NF-DK virgin membrane.
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Fig. 3. The correlation between the flux and surface roughness values for virgin membranes cleaned by various cleaning
agents. Note fouled membranes gave no flux.
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The membrane flux increases as the membrane surface
pore size becomes larger (Fig. 1). For example, the flux
was increased for treated virgin membrane with
HCl, NaOH, SDS, and mix to 9.2, 14.5, 16.1, and
17.6 kg/m2h, respectively, as the pore size was
increased accordingly to 0.28, 0.29, 0.30, and 031 nm,
respectively.

The correlations figures (see Figs. 2–4) between the
flux and contact angle, zeta potential values, and sur-
face roughness (AFM) have shown very positive
results. The correlation result between contact angle
values and the flux for cleaned virgin membranes
shows that as the contact angle values increased the
membrane flux decreased (Fig. 2). Decreasing contact
angle values results in the membrane surface becoming
more hydrophilic, and thus an increase in the flux.
Therefore, cleaning efficiency could be evaluated by
the contact angle/flux relationship for different chemi-
cal cleaning agent concentrations and operational con-
ditions. There is also close correlation between surface
roughness values with the flux for virgin membranes
and then treated virgin membrane (Fig. 3). The results
obtained reveal that the flux increases as the surface
roughness values increase. Consequently, the cleaning
efficiency could be evaluated by the surface roughness
value with flux at various chemical and physical opera-
tion conditions. The result obtained from the correla-
tion between zeta potential and flux for the NF
membranes indicate that the zeta potential of these
membranes conveys very useful information (Fig. 4).
The membrane flux increases as the membrane surface
becomes more negative as a result of cleaning agents

adsorption. For example, when the membrane is
cleaned with SDS, the membrane surface exhibited a
higher negative charge than when compared with other
membranes cleaned with other cleaning agents. Also,
the membrane cleaned with SDS gave a greater flux
than membranes cleaned with other cleaning agents.

The correlation results obtained from these tech-
niques reveal that the rejection of the NF membrane
for the SDS and the mix agent high-pH cleaning agent
gave the lowest rejection of 88 and 92%, respectively
(Fig. 5), revealing that the membrane surface
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Fig. 5. The correlation between pore size and the rejection
for virgin membrane cleaned by various cleaning agents.
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properties, such as the pore size, have been strongly
affected by this treatment when compared with other
cleaning agents. This signifies a possible enlargement
in membrane pore size and adsorption of the high-pH
cleaning agents within the membrane surface or a
degradation of the polymer in the active layer [22–24].
From the obtained result, the treated membrane with
the low-pH cleaning agents had minor effect on the
membrane surface properties when compared with
high-pH cleaning agents [22–24]. The correlation of
rejection of the hydrate magnesium sulfate with con-
tact angle values, surface roughness, and zeta poten-
tial for untreated and treated virgin NF DK membrane
reveals that the virgin membrane without any treat-
ment shows the highest rejection when compared with
the low- and high-pH cleaning agents (Figs. 6–8). The
correlation results obtained from these techniques
show that the rejection of the NF membrane cleaned
with the low-pH cleaning agents were found to exhibit
a similar value to the untreated virgin membrane. This
shows that the low-pH cleaning agents did not have
an adverse effect on the membrane surface properties
compared with other high-pH cleaning agents. The
correlation results obtained from these techniques
reveal that the rejection of the NF membrane for the
SDS high-pH cleaning agent gave the lowest rejection
revealing that the membrane surface properties have
been strongly affected by this treatment when
compared with other high-pH cleaning agents. This
signifies a possible adsorption of the high-pH cleaning

agents within the membrane surface or a degradation
of the polymer in the active layer [22–24].

4. Conclusion

The overall result from this work illustrates that
the pore size, contact angle, surface roughness, and
zeta potential measurements provide valuable infor-
mation and details about the membrane surface state
after cleaning processes and also it is a reliable tech-
nique to assess the surface state of cleaned NF mem-
branes. Usually, chemical cleaning is found to modify
membrane surface properties for both treated and
untreated virgin membranes; however, the present
study suggests that the cleaning does have a major
effect on the performance of NF membranes and their
surface properties.

The pore size measurements by positron annihila-
tion spectroscopy indicate that mix and SDS cleaning
agents had profound adverse effective on the virgin
NF membranes. The membrane surface properties
were modified to the extent where the pore size was
increased over 12% indicating irreversible chemical
reaction and adsorption at the membrane surface
whereas, HCl cleaning resulted in pore size that is
almost similar to that of virgin NF untreated mem-
brane. The contact angle measurements indicate that
mix and SDS cleaning agents had very adverse effec-
tive on both treated and untreated virgin membranes.
The membrane surface properties were modified to

0

10

20

30

40

50

60

70

80

90

100

-25 -20 -15 -10 -5 0
Zeta potential (mV)

R
ej

ec
tio

n 
(%

) SDS cleaningMix cleaning NaOH Cleaning HCl cleaning No cleaning

Fig. 8. The correlation between zeta potential and the rejection for virgin membrane cleaned by various cleaning agents.
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the extent where the flux was increased over 100%
and membrane hydrophilicity was increased signifi-
cantly (low contact angle measurement) indicating
irreversible chemical reaction and adsorption at the
membrane surface. However, NaOH cleaning results
revealed better performance with considerable
cleaning efficiency whereas HCl cleaning resulted in
poor cleaning efficiency. The surface roughness
indicates that mix and SDS cleaning agents have
adverse effects on both treated and untreated virgin
membranes. However, NaOH cleaning results
revealed improved performance with considerable
cleaning efficiency while HCl cleaning resulted in
poor cleaning efficiency. The zeta potential of all
virgin membranes cleaned with SDS changed to more
negative values across the pH range compare with
untreated virgin TFM. The SDS readily adsorbs to the
membrane surface and the negatively charged
functional group of SDS dominate the membrane sur-
face charge but the extent varies and depends on the
reaction between the membrane and the cleaning
agent concentrations.

The correlations data between the flux of pure
water and contact angle values, surface roughness,
zeta potential, and pore size have shown very positive
results. Correlations are shown for both virgin and
cleaned virgin membranes. The correlation result
between contact angle values and the pure water flux
for cleaned virgin membranes shows that as the con-
tact angle values increased the membrane flux
decreased. Decreasing contact angle values results in
the membrane surface becoming more hydrophilic,
and thus an increase in pure water flux. Therefore,
cleaning efficiency could be evaluated by the contact
angle/flux relationship for different chemical cleaning
agent concentrations and operational conditions. There
is also close correlation between surface roughness
values with the flux for cleaned virgin membranes
and then cleaned virgin membrane. The results
obtained reveal that the flux increases as the surface
roughness values increase. The result obtained from
the correlation between zeta potential and flux for the
different membranes indicate that the zeta potential of
these membranes conveys very useful information.
The membrane flux increases as the membrane surface
becomes more negative as a result of cleaning agents
adsorption.

The correlation between the rejection of
MgSO4·7H2O with contact angle values, surface rough-
ness, zeta potential, and pore size reveal that the data
obtained from these techniques show that the rejection
deteriorated with high-pH cleaning agents (SDS, mix,
and NaOH) when compared with low-pH cleaning
agents (HCl). This shows that the high-pH cleaning

agents are not only adsorbed within the membrane
surface but also deteriorates the active layer of mem-
brane surface.

In general, all the techniques are providing very
useful information about the membrane surface state
that could help the researchers to identify the root
cause of the problem and how they can be treated
with less membrane deterioration.
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