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Membrane  filtration  is  commonly
employed  for removal  of LMWCs.
Surfactant  molecules  are  invariably
present in  such  waste  waters.
MB removal  with  a cellulosic  mem-
brane was  tested  in  the  presence  of
surfactants.
Membrane  interactions  with  con-
taminant and  surfactant  influence
removal  strongly.
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a  b  s  t r  a  c  t

Removal  of  contaminants  with  low  molecular  weight  (<800  Dalton)  requires  the  use  of  advanced  separa-
tion techniques  such  as ultrafiltration  (UF)  or micellar  enhanced  ultrafiltration  (MEUF).  However,  surface
active agents  invariably  co-exist  in waste  waters  along  with  these  contaminants  or  they  may  be  added
intentionally  as  part  of  the  separation  process  as in  the  case of  MEUF.  Though  it  is  quite  likely  that  both
the  filter  medium  and  the contaminants  would  interact  with  the surfactant  molecules  or  their  micelles,
there  is not  sufficient  emphasis  in  the literature  on the  concomitant  aspects  of such  interactions.

The  ancillary  effects  created  by  anionic  (sodium  dodecyl  sulfate,  SDS),  cationic  (hexadecyltrimethyl
ammonium  bromide,  CTAB)  and  non-ionic  (ethoxylated  octylphenol,  TX-100)  surfactants  on  the  mech-
anism  and  efficiency  of  the  filtration  process  were  investigated  in this  study.  Methylene  blue  (MB)  and
cellulose  nitrate  membrane  (CNM)  filters  were  employed  as  model  retentate  and  the separation  medium.
icelle(s)
embrane(s)

A combination  of surface  tension,  contact  angle  and  charge  measurements  demonstrated  that  the  addi-
tion of  surfactants  had  a remarkable  effect  on  the  filtration  outcome.  The  effect  depended  on  both  the  type
and concentration  of  the surfactant  and  was  manifested  mainly  through  the  creation  of  MB-surfactant
entities  which  acted  differently  than  the  MB alone;  but more  importantly,  through  the  interactions  of
the  surfactant  molecules/micelles  and  the  MB-surfactant  pairs  with  the  separation  membrane.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction
Low molecular weight contaminants (LMWCs) with molecu-
ar weights less than 800 Dalton originate from metal-plating,

∗ Corresponding author. Fax: +90 232 7507509.
E-mail address: hurriyetpolat@iyte.edu.tr (H. Polat).

ttp://dx.doi.org/10.1016/j.colsurfa.2015.12.032
927-7757/© 2015 Elsevier B.V. All rights reserved.
textile, circuit-board manufacturing, photo-processing, petroleum
and mining industries and pose a serious environmental concern
(Table 1) [1–7].

The problems with LMWCs  are compounded due to removal

problems with classical techniques such as chemical oxidation,
coagulation, biodegradation, adsorption and extraction owing to
smaller molecular size, high solubility and higher dilution rates. The
membrane separation is one of the effective methods for removal

dx.doi.org/10.1016/j.colsurfa.2015.12.032
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
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Fig. 1. The cellulose nitrate membrane (CNM) structure.

Table 1
Examples of LMWCs.

LMWCs Molecular weight (D)

Polycyclic (2 or 3 fused rings)
aromatic hydrocarbons
(PAHs)

152–178

Acid anhydrides 100–218
Methylene blue (MB) 374
Cyclonite 222
Atrazine 216
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f such contaminants from the wastewater. Ultrafiltration (UF) and
icellar enhanced ultrafiltration (MEUF) which fall in this category

ave been studied extensively to improve both the selectivity and
he flux in the removal of these substances [7–17].

Surface active agents which are invariably co-present with
he LMWCs  in contaminated waters, or added intentionally as
art of the ultrafiltration process, may  interfere with separation.
hough surfactant-contaminant interactions have been addressed
o a degree in the literature [7–9], there is not sufficient emphasis on
he interaction of the surfactant entities with the membrane mate-
ial. Moreover, the possible interaction of the membrane with the
ontaminant itself and with the contaminant-surfactant complexes
urther compounds the problem. Therefore, a systematic character-
zation of the system with respect to the magnitude and effect of
hese interactions is extremely important for properly interpreting
oth the mechanism and success of separation in such advanced
emoval technologies.

This work quantitatively demonstrates that interactions of var-
ous anionic, cationic and non-ionic surface active agents with a

odel contaminant, Methylene blue (MB), and with the separation
edium, cellulose nitrate membrane, (CNM).

. Experimental

.1. Materials

Selected anionic (sodium dodecyl sulfate, SDS), cationic
hexadecyl trimethylammonium bromide, CTAB) and non-ionic
ethoxyleted octylphenol, TX-100) surface active agents and a

odel contaminant (methylene blue, MB)  were employed in the
xperimental studies (Table 2). All chemicals were reagent grade
nd obtained from Sigma–Aldrich, United States.

The choice of the separation medium was negatively charged
ellulose nitrate membrane (CNM) filters. They were used in two
istinct pore sizes of 0.2 and 0.45 �m and were supplied by Sarto-
ius Stedim Biotech, Germany. Cellulose nitrate (nitrocellulose) is
roduced by treating cellulose with nitric acid. Each glucose unit
n the cellulose polymer is esterified with three nitrate groups, and
hese nitrate groups are responsible for both the negative charge
f nitrocellulose at neutral pH and the unusual flammability of dry
itrocellulose (Fig. 1). The negative charge on the membrane sug-
Fig. 2. The methodology employed in this study.

gests that electrostatic interaction may  play a significant role in
the capture of the contaminants, though it has been stated that
hydrophobic interactions also play a role in the capture of proteins
of these membranes [18].

2.2. Methods

The general methodology followed in this work is presented
schematically in (Fig. 2). Surface energy measurements were con-
ducted with a Digital Tensiometer (Kruss K10ST) employing the
Du-Noüy Ring method using solutions of SDS, TX-100 and CTAB
at concentrations from 10−2 to 10−6 M.  Zeta potential measure-
ments were carried out with SDS, CTAB and TX-100 solutions in
the presence of 10−5 M (∼2 ppm) MB  by Laser Doppler Velocime-
try (LDV) (Malvern Zeta Sizer Nano ZS). Particle size distribution
(PSD) measurements were carried out with the solutions of the
same surfactants using Dynamic Light Scattering (DLS) mode of
the Zeta Sizer; however, only TX-100 solutions at 10−2 M resulted
in meaningful PSDs. UV/Vis spectroscopy (PerkinElmer Lambda 45)
was used to determine MB  concentrations in solutions without and
with surfactants of varying strength. Ultrafiltration experiments

with the MB-surfactant solutions were carried out at surfactant
concentrations from 10−2 to 10−6 M employing the CNM filters
with pore sizes of 0.2 and 0.45 �m.
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Table  2
Some selected properties of the surfactants and the LMW  contaminant used.

The compound name MW (Dalton) Chemical structure Explanation

Sodium dodecyl sulfate (SDS) 288 Anionic surfactant

Hexadecyl trimethyl-ammonium bromide (CTAB) 364 Cationic surfactant

Ethoxylated octyl phenol (TX-100) C14H22O(C2H4O)n (n = 9–10) 628 Nonionic surfactant

Methylene blue (MB) 320 

LOG  CONCENTRATION,  moles

10-6 10-5 10-4 10-3 10-2 10-1

S
U

R
FA

C
E

 T
E

N
S

IO
N

, d
yn

e/
cm

20

30

40

50

60

70
TX-10 0
CTAB
SDS

no
surfactan t

A

B

Fig. 3. Surface tension results of SDS, CTAB and TX-100.
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interfacial energies where SDS micelles form.
The tests presented in Fig. 4 are repeated for 1:1 SDS/MB molec-

ular ratio and presented in Fig. 5. The data show that the effect
. Results and discussion

.1. Morphology of surfactant molecules in the absence and
resence of MB

Surface tension measurements were performed to determine
he association behavior of the surfactant molecules in aqueous
urfactant solutions in the absence of the MB  and the results are
resented in (Fig. 3). The figure shows that the surface tension
ehavior of the surfactants could roughly be divided into two con-
entration regions: Region I where the surface tension decreases
teadily with increasing concentration until a critical concentra-
ion (namely the Critical Micelle Concentration or CMC) is reached,
onsists principally of monomers. In Region II where the surface
ension remains constant with changes in concentration, the sur-
actant molecules are in the form of micelles. The CMC  values
etermined from the figure are 8 × 10−3 M for SDS, 9 × 10−3 M for
TAB and 3 × 10−4 M for TX-100. These values agree very well
ith those reported in literature [19–21]. The part of the surface

ension-concentration plot where the surface tension shows a lin-
ar decrease with logarithmic concentration (shown by the dashed

ine A–B) can be used to determine the adsorption density of the
Organic contaminant

surfactant molecules at the air-water interface. According to the
Gibbs adsorption equation:

� = − 1
RT

(
d�

dlnC

)
(1)

here � is the surface excess concentration of the surfactant
molecules at the air water interface (mol/m2), C is the bulk concen-
tration (mol/m3). The adsorption density can be used in calculating
the average parking area (A) a molecule occupies at the interface
(m2/molecule) through A = 1/� Nav where Nav is the Avogadro’s
number. The parking area provides valuable information on the
degree of packing and the orientation of the adsorbed molecules.

The adsorption densities calculated from the surface tension
data in Fig. 3 using Eq. (1) are 3.86 × 10−2, 3.33 × 10−2 and
2.97 × 10−2 mol/cm2 for the SDS, CTAB and TX-100, respectively.
The literature values for the same surfactants are 4.76 × 10−2,
3.10 × 10−2 and 2.83 × 10−2 mol/cm2 [22–24]. The respective park-
ing areas calculated from these densities are 0.43, 0.49 and 0.55 nm2

per molecule for these surfactants. The differences in the surface
tension values of these surfactants at a fixed concentration can be
attributed to the differences in surface activity. The significantly
lower surface tensions obtained with TX-100 point to a higher
surface activity most probably due to its larger molecular weight
compared to the other two  surfactants.

The surface tension measurements were repeated in the pres-
ence of a fixed amount of MB  (10−5 M).  These results are presented
together with the results presented in Fig. 3 for comparison pur-
poses (Fig. 4). The figure also shows the surface tension as a function
of MB concentration when there are no surfactants in the system
as an inset on the top figure.

The figure clearly shows that interfacial energies do not change
significantly for the CTAB and TX-100 surfactants when MB
molecules are present. The surface tensions in the micelle range
also remain unaffected by the presence of MB for these surfactants.
The data indicate that the interaction of the cationic MB  with the
cationic CTAB and nonionic TX-100 surfactants is limited. However,
the lower interfacial energies obtained with the anionic SDS when
the MB  is present show that the surface activity is higher at low
concentrations of the surfactant where the monomers of SDS are
present. The presence of MB  does not seem to have an effect on the
of the presence of MB  on the surface activity of the SDS is more
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Fig. 4. Surface tensions of SDS, CTAB and TX-100 in the presence of 10−5 M MB
(2  ppm).
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pronounced and extends to the micellar range, indicating a strong
interaction between SDS and MB molecules. Fig. 5 also shows
clearly that the presence of MB  affect the CMC  of the SDS signif-
icantly, more than an order of magnitude when MB  concentration
was relatively high (at a 1:1 ratio with the SDS). However, when the
MB concentration is lower compared to the SDS, this effect becomes
much smaller as can be seen from Fig. 4.

3.2. Charge and size of surfactant micelles in the absence and
presence of MB

The charge and size measurements were carried out to eluci-
date more clearly the interactions between the surfactant and MB
molecules in the micellar range. The charge on the MB  molecules
was positive at the natural pH of 7.0 in the absence of any sur-
factants. The changes in the charging behavior of the surfactant
micelles in the presence of MB  are presented (Fig. 6). The figure
shows that the changes were not significant at this concentration
of 10−5 M MB  (∼2 ppm). It was  not possible to obtain charge data at
higher concentrations of MB due to problems with the transparency
of the solution to the laser beam of the charge measurement sys-
tem. Similarly the changes in the size of micelles were also not
significant at this concentration of 10−5 M MB  (2 ppm) and it was
not possible to obtain size data at higher concentrations of MB  due
to the similar problems.

3.3. Contact angle of surfactant treated CNM filters in the absence
and presence of MB

Contact angle measurements were carried out with the CNM fil-
ter papers in various solution media: in plain water and in water
containing only MB  and in surfactant solutions in the presence and
absence of MB  to elucidate the interaction of the filter surface with
the MB  and surfactant molecules and with MB-surfactant aggre-
gates. If present, the concentration of the MB was  fixed at 10−5 M
in all tests. However, two different surfactant concentrations were
tested: 10−5 M to represent monomer range and 10−2 M for micel-
lar range.

The results of the contact angle studies are presented in Fig. 7a–c
for the SDS, CTAB and TX-100 surfactants, separately. Note that the
very first black bar on the left in each graph (no MB  and no surfac-
tant) corresponds to the contact angles measured for the filters in
pure water. The gray bar adjacent to it is the contact angle value
measured on the filter paper in water containing 10−5 M MB in the
absence of any surfactant molecules.

It can be seen from the figures that the anionic filter surface is
quite hydrophilic when measured in pure water. However, the filter
surface becomes significantly hydrophobic in 10−5 M MB solutions
(no surfactant); a clear indication that the cationic MB  molecules
interact strongly with the negatively charged filter surface.

In the absence of MB  in solution, the filter surface becomes quite
hydrophobic at a surfactant concentration of 10−5 M where all the
surfactant molecules in solution are expected to be in the form of
monomers (black bars at 10−5 and 10−2 M surfactant concentra-
tions). The degree of hydrophobicity imparted by the surfactant
monomers increases with surfactant type, in the order SDS (25◦),
TX-100 (45◦) and CTAB (65◦). The fact that the negatively filter sur-
face is least affected by the anionic SDS and most affected by the
cationic CTAB is another indication of the electrostatic interactions
between the membrane surface and surfactant molecules. How-
ever, increased hydrophobicity by the non-ionic TX-100 suggests
that hydrophobic interactions may  also be playing a role.
At the surfactant concentration of 10−2 M where the surfactant
molecules form micelles (again in the absence of MB in solution),
the contact angles on the membrane filter is very close to the val-
ues obtained in pure water. It seems that the presence of surfactants
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Fig. 7. Contact angle values on cellulose nitrate membrane (CNM) fi

as no effect on the contact angle if the surfactant molecules are
n micelle form. Since the anionic SDS micelles are not expected
o adsorb on the negatively charged surface, this result is not
urprising. As for the TX-100 micelles, it seems that hydropho-
ic interactions are also shielded in micelle form. The low contact
ngles observed for CTAB is most probably due to the hydrophilic

ature of the CTAB micelles adsorbed on the surface.

When surfactants are added into solutions containing 10−5 M
B (gray bars at 10−5 and 10−2 M surfactant concentrations),

ydrophobicity of the membrane surface does not change signif-
on cen tration,  M

in water, methylene blue and methylene blue-surfactant solutions.

icantly for CTAB and TX-100 compared to the case with no MB.
However, hydrophobicity of the membrane surface increases sig-
nificantly when MB is present in the solution together with the
SDS. This increase in the contact angle when SDS co-exists with MB
in solution (which surpasses the contact angles obtained with MB
alone) indicates a synergistic interaction between the SDS and MB

molecules on the membrane surface.

On the other hand, the contact angles obtained on the mem-
brane surface when surfactants micelles in solution co-exist with
MB are very low; very similar to that observed in the case if there
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Fig. 8. UV-absorbance of MB in the absence an

ere no MB  in the system. This result is rather interesting since it
oints out the probability that MB  molecules, which in their free
orm make the surface hydrophobic may  not be free to adsorb to
he surface and may  be locked in the structure of the micelles.

These results demonstrate that the interactions of the surfac-
ant molecules or the MB-surfactant aggregates with the filter
urface are complex. The results clearly show that filtration effi-
iency should be expected to depend not only on the interactions
etween the MB  and surfactant molecules, but also the interactions
etween the filter surface and the dissolved species which may  be
resent in the system. All these will be discussed in the following
aragraphs after the presentation of filtration results.

.4. UV absorbance of SDS, CTAB, TX-100 surfactant solutions

Prior to ultrafiltration experiments, UV-analyses were con-
ucted to understand the effect of surfactants on the UV-
bsorbance of MB  (Figs. 8 and 9). The top left graph in Fig. 8 gives
he raw absorbance values as a function of wavelength for differ-
nt MB  concentrations. The other three graphs in the figure give the
aw absorbance values for surfactant solutions containing 10−5 M
∼2 ppm) MB  (top right: SDS + MB;  bottom left: CTAB + MB;  bot-
om right: TX-100 + MB). The MB graph shows that the maximum
bsorbance at 664 nm corresponds well with the MB  concentration
n solution. The maximum absorbance value for 2 ppm is around
.64. Adding varying amounts of CTAB and TX-100 to a 2 ppm MB
olution does not seem to have a significant effect in the measured
bsorbance values (see also Fig. 9).

However, this is not the case for the negatively charged SDS. The
bsorbance values varied at different additions of the surfactant to
he 2 ppm MB  (∼10−5 M MB)  solution as can be seen in Fig. 8. The

aximum absorbance values measured at different strength SDS
nd MB  solutions show this behavior more clearly (Fig. 9). It can be

een that the maximum absorbance value is changing, especially
round 10−3 M concentration of the surfactant which is very close
o the CMC  value (8.0 × 10−3 M).  This is another indication of the
nteraction between the anionic SDS and the cationic dye. However,
GHT,  nm

 presence of SDS/CTAB/TX-100 of surfactants.

since this effect is insignificant at the MB  concentration (10−5 M
MB)  used in this study, UV-absorbance method was  employed to
determine the MB  concentrations in the presence of SDS at all the
concentrations.

3.5. Filtration experiments: removal of mb in the presence of SDS,
TX-100 and CTAB

In this part of the study, filtration experiments were carried out
with CNM filters using MB solutions at different surfactant con-
centrations in order to see the effect of surfactants in the filtration
behavior (Fig. 10).

Fig. 10a gives the filtration efficiencies (% removal) of pure
MB solutions at 0.5–2.0 ppm concentration range using filters of
0.45 �m pore size. It is important to note that the filters were
able to capture around 80% of the MB  in solution in a single pass
in this concentration range. This result is interesting in that the
positively charged MB molecules seem to easily adsorb on the neg-
atively charged filter surface most probably through electrostatic
attraction in the absence of surfactants. Hence, contamination and
fouling of the filter surface by the contaminant should be taken into
account seriously.

It was  observed that removal of MB  is affected quite significantly
by the presence of surfactants (Fig. 10b–d). The effect is a strong
function of the type and concentration of the surfactant present
in the system. In all cases, MB removal decreased progressively to
very low values with increasing surfactant concentration. Another
interesting observation is the fact that the decrease in the removal
efficiency for SDS and TX-100 is precipitous and coincides with
the CMC  of these surfactants. However, for the cationic CTAB, the
decrease starts from low surfactant concentrations and proceeds
more slowly as surfactant concentration increases.
Based on the results of filtration experiments along with the
results obtained from surface energy, contact angle and charge
measurements the following mechanism is suggested for the
observed behavior:
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In the case of anionic SDS, cationic MB  is expected to inter-
ct electrostatically with the monomers of this surfactant to form
eshed MB-SDS aggregates. The observed increase in the removal

f MB compared to that observed with the MB  alone (Fig. 10a) at
ow SDS concentrations can be due to the inability of these MB-
DS aggregates to pass through the pores of the filter. The higher
emoval efficiencies observed with the smaller 0.20 �m pore filter
aper supports this hypothesis. These results are also in accordance
ith the contact angle results presented previously in Fig. 7.

After CMC, MB  molecules are most probably included in the
tructure of the SDS micelles. The fact that the removal efficiency

ecreases suddenly after the CMC  could be due to the inability of
he filter to retain these micelles which are smaller than the pore
ize of the filter. The larger removal efficiency with the 0.20 �m
TX-100  CONCENTRATION,  M

 presence of surfactants, SDS, CTAB, TX-100.

pore size filter (50%) compared to that observed with the 0.45 �m
pore size filter (5%) strongly supports this theory.

In the case of CTAB, both the CTAB and MB  molecules are
expected to interact with the filter surface electrostatically. The
contact angle results given in Fig. 7 is a proof of this interaction.
Hence, there will be a competition between the MB and CTAB
monomers for the filter surface. Since cationic CTAB cannot inter-
act with the cationic MB,  structures similar to the meshed MB-SDS
aggregates cannot be expected for this surfactant, precluding any
physical retention of MB  on the filter surface. As a result of the com-
petition stated above, the removal efficiency of the MB molecules

should decrease as CTAB concentration increases as observed in
Fig. 10c. In the micelle range, similar to the SDS case, compact
CTAB micelles which include the MB  molecules pass through the
0.45 �m pore size filter relatively unhindered. The slight increase
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[24] K. Szymczyk, B. Janczuk, The adsorption at solution–air interface and
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n the removal efficiency after the CMC  may  be due to some degree
f adsorption of the cationic micelles on the negative filter surface.

In the case of TX-100, the contact angle results given in Fig. 7
how that TX-100 adsorb at the filter surface. However, the nega-
ively charged filter surface should favor MB  adsorption, especially
t low concentration of the surfactant. This is shown by the removal
fficiencies in Fig. 10d, which are very similar to those observed for
B alone in Fig. 10a. As the concentration of surfactant increases,
ore TX-100 molecules can be expected on the filter surface,

ampering MB  adsorption to a degree, hence the slight decrease
bserved in the removal efficiency. After CMC, on the other hand
he removal of MB  decreases due to similar reasons explained for
DS.

. Conclusions

In this study, a widely encountered LMWC,  methylene blue,
as chosen as the model contaminant. Anionic (sodium dodecyl

ulfate, SDS), cationic (hexadecyltrimethyl-ammonium bromide,
TAB) and non-ionic (ethoxylated octylphenol, TX-100) surfac-
ants were used as model surface active agents to investigate their
nteractions with methylene blue. The MB-surfactant systems were
haracterized through surface tension, charge and contact angle
easurements in order to elucidate the forms of surfactant and
B-surfactant molecules in aqueous solutions as a function of con-

entration. These studies also provided information on the critical
oncentrations where the micelles form in the absence and pres-
nce of MB.

The simulated contaminated waters (MB-surfactant solutions)
ere subjected to filtration tests to correlate the findings of the

haracterization studies with filtration efficiencies. Ultraviolet–Vis
pectroscopy (UV) was used to determine the MB  concentrations
n these studies. Based on the findings of this study the following
onclusions could be made:

There is an electrostatic interaction between the filter paper and
MB  which leads to significant removal of this contaminant due to
this effect alone in one pass. Hence, contamination and fouling of
the filter surface by the contaminant should be taken into account
seriously.
Presence of surfactant changes the filtration behavior drastically.
In the monomer range, removal efficiency decreases with increas-
ing surfactant concentration in general. The magnitude and rate
of this decrease depend strongly on the charge of the surfactant.
For example, the cationic CTAB competes for the membrane sur-
face with the cationic MB  and decreases removal to a great degree
as its concentration increases. This shows that the interactions
between the filter surface and the surfactant molecules are as
important as those between the filter surface and the contami-
nant.
Interactions between the contaminant and the surfactant
molecules are also important since they determine the form of
the contaminant in the system, hence the filtration response. For
example, the interaction of the anionic SDS with MB  seems to cre-
ate meshed SDS-MB aggregated which favors removal efficiency.

In the micellar range, the efficiency of removal is low for all surfac-
tants most probably due to the formation of compact surfactant
micelles, which envelope MB  in their structure, which cannot be
retained by the pores of the filters used in this study.
ochem. Eng. Aspects 492 (2016) 199–206
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