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Abstract

Micellar-enhanced ultrafiltration (MEUF) is an effective treatment for treating heavy metal effluents. However, excessive use of synthetic
surfactants leads to more serious problems, thereby highlighting the significance of surfactant recovery. This present study focuses on the
recovery of surfactants while preserving their capacity to entrap metal ions. In this study, the acidification method was utilized to dissociate
metal ions (Cu*" and Cd?") from the surfactant micelles. The findings demonstrate that the lowest critical micelle concentration found at pH 1,
with 91% and 87% of the surfactant recovered for Cu?* and Cd*" system, respectively. The spontaneous occurrence of acidic surfactant
micellization was thermodynamically validated, as evidenced by negative AGm values. Furthermore, the recovered surfactant exhibits high level
of rejection and indicates an intermediate-blocking mechanism (R?>0.99). The findings highlight acid-assisted MEUF as a scalable approach for
efficient metal removal and surfactant recovery, in turn, reducing chemical consumption and environmental impact.
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1. Introduction

The presence of heavy metal contaminants in wastewater
has long been a serious environmental concern, posing a
significant threat to the health of living organisms and
ecosystems, even at very low concentrations [1]. Despite the
effectiveness of wastewater treatment facilities, the discharge
of heavy metal pollutants into water systems was hindered [2].
The treatment of heavy-metal wastewater has been discussed in
a previous study, which employed several methods, including
ion exchange [3], adsorption [4,5], precipitation [6], and
reverse osmosis [7]. Of various technologies available,
membrane ultrafiltration offers several advantages, including
low energy consumption, simple equipment and environmental
sustainability [8,9].

The integration methods of ultrafiltration with surfactants
are known as micellar enhanced ultrafiltration (MEUF), which
has been demonstrated to be effective in the separation of
contaminants, including heavy metal ions, such as Cd*, Co?*",
Ni**, Mn?, Zn*" and Cu®** [1,10,11]. The utilization of MEUF
in the treatment of wastewater has been demonstrated to yield
high separation efficiency with low energy consumption and
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simple equipment [12]. MEUF works by utilizing the surfactant
micelle-forming properties at a concentration above the critical
micelle concentration (CMC), a structure with a hydrophobic
center and a hydrophilic exterior [13]. Due to these properties,
heavy metal ions tend to be trapped within the micelle structure,
thereby forming larger molecule complexes [14]. The
aggregate of surfactant micelles with entrapped metal ions
inside of it is larger than the pores of the ultrafiltration
membrane, and thus unable to pass through it [15]. It
subsequently allows the separation of both metal-bound
micelles and the surfactant micelles. The most widely
employed surfactant in the MEUF process is sodium dodecyl
sulfate (SDS), an anionic surfactant that has been recognized
for its efficacy in removing heavy metal ions through the
MEUF process.

However, a further issue arises when the retentate from the
ultrafiltration process is left untreated due to the high
concentration of heavy metal content and uneconomically
wasted surfactant. Excessive surfactant concentrations above
the CMC can result in secondary pollution, necessitating the
recovery of surfactants [12]. Moreover, the reuse of surfactants
recovered from the retentate system has been demonstrated to
be profitable and complete separation of heavy metal is critical
[16]. Various surfactant recovery techniques have been
developed, including foam fractionation [17], acidification
[18], flooding of alkali-surfactant [19], coagulation, advance
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oxidation and adsorption [20,21]. In the realm of the recovery
methodologies, acidification offers simpler and efficient
process to recover surfactants. This process involves the
separation of entrapped heavy metal ions from the surfactant
micelles by means of the interruption of the bond between
metal ions and surfactant, facilitated by the presence of H* ions
[22]. This process allows micelles to be retained, while metal
ions pass through the ultrafiltration membrane based on size
exclusion [23]. However, the majority of previous studies treat
surfactants as pollutants to be removed, with limited evaluation
of the subsequent reuse of recovered surfactants in further
separation cycles.

Despite the previous efforts, there is still a lack of
understanding of the MEUF process for removing heavy metals
under the influence of pH. Moreover, there is a paucity of
comprehensive study on the effect of pH on the micellization
thermodynamics, critical micelle concentration and surfactant
recovery efficiency was understudied despite the pH
dependency of the effluent in real-world process. In particular,
the integration of acidification with ultrafiltration for
simultaneous extraction of metal ions from the surfactant
micelles and recovery and reuse of the surfactant is an area
which has received little attention from researchers.
Consequently, the present study aims to address this gap by
investigating surfactant recovery using acidification-integrated
ultrafiltration. This study evaluated the thermodynamic
feasibility of micelle formation at various pH conditions. In
addition, the effect of surfactant concentration on surfactant
recovery and performance analysis on the recovered surfactant
were conducted in this study.

2. Materials and Methods
2.1. Materials

In this study, the materials employed consist of the
surfactant Sodium Dodecyl Sulfate (SDS) (99.9%, Merck), in
conjunction with the metal ions of Cu(NO3), (99.9%, Merck)
and Cd(NO3),.4H,O (98%, Merck). These substances were
utilized to produce models of heavy metal wastewater. Sulfuric
acid was utilized for acidification, while a polyether sulfone
(PES) flat-sheet membrane with a molecular weight cutoff of 1
kDa was employed in the MEUF process.
model  solution and

2.2. Preparation of wastewater

acidification

A model of heavy metal wastewater was employed as the
feed for the ultrafiltration process. The model solution was
prepared by means of the dissolution of 100 mg of Cu(NO3); or
Cd(NOs3),.4H,0. The surfactant concentration utilized in this
study was 2.02 g of SDS in 1000 ml distilled water, which was
slightly higher than the CMC at room temperature. This
concentration is pivotal to ensure the completion of micelle
formation, which is required for efficient entrapment of heavy
metals during the MEUF process. The solution was subjected
to stirring for a duration of 1 hour at a temperature of
approximately 25°C at a stirring speed of 100 rpm.

Acidification was subsequently carried out through the
addition of sulfuric acid to the wastewater model solution to

adjust the pH (1, 2, 3) selected in accordance to the preliminary
experiments [24]. The mixture was then subjected to an
additional hour of stirring at a speed of 100 rpm at a
temperature of approximately 25°C. In such conditions,
efficient dissociation of the metal ions was guaranteed while
maintaining micelle integrity [24]. These selected conditions
represent a practical range for the laboratory and industrial
works, where the adjustment of pH can be simply applied
during the heavy metal desorption.

2.3. Conductivity analysis

Conductivity analysis was conducted for two primary
objectives: firstly to determine the CMC value of the surfactant
and secondly to assess the effect of pH adjustment on the
solution. In this study, the CMC value was determined using
the electrical conductivity measurement method with a
conductivity meter from AZ Instrument, Taiwan. Conductivity
was measured by continuous addition of surfactant
concentrations to the solution at a specific pH. The CMC value
was identified through the breakpoint on the curve relating
conductivity to surfactant concentration [25].

2.4. Thermodynamic analysis of micellization

Thermodynamic parameters are of crucial role in
understanding the micellization process of surfactants, for
instance the standard Gibbs free energy of micellization
(AG®n). The value of AG®°, can be utilized as a parameter to
determine the tendency of surfactants to form micelles. The
AG®y, value of SDS surfactant, in the presence of metal ions
and the influence of solution pH, is evaluated using Eq. (1).

AGS = (2 — @)RT In X ome (1)

where X cmc represents the mole fraction of the surfactant at
CMC, and R is the ideal gas constant (8.314 J/K-mol).
Meanwhile, o represents the degree of micellization ionization,
with the value of o obtained through Eq. (2) [17].

=3
a=% @)
where S, represents the premicellar slope, while S; represents
the postmicellar slope on the curve obtained from the surface
tension analysis [26].

2.5. Ultrafiltration pretreatment

The solution obtained from acidification was utilized as feed
in the ultrafiltration process. The ultrafiltration process was
conducted at room temperature using the membrane crossflow
filtration. During the filtration process, the flow rate remained
unchanged, with a consistent pressure of 2.5 bar. The
ultrafiltration process scheme is illustrated in Fig. 1. The
membrane utilized in the ultrafiltration process was polyether
sulfone (PES) with a molecular weight cutoff of 1 kDa. The
ultrafiltration process was continued until reaching a permeate-
to-retentate solution ratio of 60:40. Subsequently, the retentate
is subjected to further process.
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2.6. Ultrafiltration of the heavy metal assisted by surfactant
micelles

In this stage, the Micellar Enhanced Ultrafiltration (MEUF)
process involved the reuse of the surfactant recovered from the
ultrafiltration process to bind metal ions. The retentate solution
from the previous ultrafiltration process was subsequently
mixed with Cu(NO3), or Cd(NO3),4H>0. The solution was
stirred for 1 hour at a speed of 100 rpm at room temperature
(25°C) to ensure the solution homogeneity and complete
entrapment of metal ions into the surfactant micelles.
Subsequently, the MEUF process was conducted using the
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same membrane crossflow filtration instrument employed in
the ultrafiltration process at a room temperature and fixed
pressure of 2.5 bar. Furthermore, PES membrane (1 kDa) was
utilized in the MEUF process, undergoing a one-hour
distillation water compacting procedure prior to each filtration
batch. Eventually, the permeate solution obtained from the
MEUF process was analyzed using atomic absorption
spectroscopy to determine the concentration of metal ions in
the permeate solution that passed through the membrane
without being bound to the recovered surfactant micelles. Fig.
1 depicts the schematic diagram of the MEUF process to
recover the surfactant.
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Fig. 1. Schematic diagram of the overall process of surfactant recovery and MEUF using the recovered surfactant

2.7. Analysis of surfactant recovery and metal ion rejection

The concentration of the anionic surfactant sodium dodecyl
sulfate (SDS) was determined after the separation of the metal
ion by acidification by means of UV-Vis spectrophotometry, a
standard method for measuring surfactant content in a solution
sample, as explained in the previous study [27]. The analysis
was based on the formation of a yellow-colored complex of
samples containing SDS with acridine orange dyes. Initially,
the sample was diluted with water to yield a solution of 2 mg/L
solution. It was then mixed with the dye indicator, extracted
into toluene, and measured at 467 nm wavelength.
Subsequently, the percentage rejection of SDS was calculated
using Eq. (3) [28].

CsVs

CiVi

3)

where C; is the surfactant concentration in the retentate
solution, and C; is the surfactant concentration in the feed
solution, while Vj is the retentate volume and V; is the initial
volume of the feed solution.

Furthermore, the metal ions left inside the core of the
micelles can be neglected due to their sequestered structure and
minuscule amount, which is less likely to interfere with the
spectrophotometry analysis. Meanwhile, the concentration of
the metal ions in the retentate was determined using atomic
absorption spectroscopy (AAS). The efficiency of metal ion
separation from the surfactant was calculated using Eq. 4.

CpVp
CfVi

Ry(%) = x 100% @)

where R represents the efficiency of metal ion separation (Cu
or Cd) from the surfactant, Cp is the concentration of metal ions

in the permeate solution, and Cr is the concentration of metal
ions in the feed solution, while Vp represents the volume of the
permeate and V; represents the volume of the feed solution.

2.8. Analysis of flux and model of membrane fouling

Membrane flux analysis was conducted to determine the
effect of varying solution pH on membrane flux activity. The
analysis involved the measurement of the volume of the
retentate solution at 10-minute intervals, with subsequent
calculation of the mean value using the following equation
[29].
volume

txA

] = )
where t represents time and A is the surface area of the
membrane used.

Membrane fouling analysis was performed using the
Hermia model, which consists of four Hermia models that
describe the fouling conditions on the membrane [30,31].
These equations include complete pore blocking, internal pore
blocking, intermediate pore blocking, and cake formation.
These were calculated based on the initial Eq. (6).

d?t ac\"

e = k(%)
Complete pore blocking (model 1) indicates the deposition
of pollutants in particle form on the overall surface of the
membrane, with the result that the surface of the membrane

pores is completely filled. The n value for this fouling was 2,
and the derived equation is Eq. 7.

J =Jo X exp(=K. xt)

(6)

(7
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The process of internal pore blocking, also referred to
standard blocking (model 2) involves the blocking of pollutant
particles within the internal space of the membrane pores. This
results in a reduction in the size of the pores. The n value for
this fouling was 1.5, and the derived equation is Eq. 8.

J = 0% +Kg x )7 ®)

The intermediate pore-blocking (model 3) mechanism
occurred when deposited particles on the membrane pores,
resulting in the formation of a layered structure that overlapped
with one another on the membrane surface. The n value for this
fouling was 1, and the derived equation was Eq. 9.

J=Ust+Kxt)™ )

Cake formation (model 4) was identified as the fouling
mechanism where the pollutants completely clog the membrane
surface and interact with each other, resulting in a multilayer of
pollutant aggregate (cake). The n value for this fouling was
determined to be 0.5 and derived into Eq. 10.

J= (a2 +Kyxt) " (10)

3. Results and Discussion
3.1. Effect of pH on the surfactant micelles

As demonstrated in Fig. 2, the pH of the solution has a
significant influence on the critical micelle concentration
(CMC) of anionic surfactants in the presence of sulfuric acid.
A curve comprising two linear segments demonstrates different
slopes when conductivity is measured as a function of
surfactant concentration. The former line indicates the
concentrations of surfactants below their CMCs, where
surfactant monomers are present in solution. At higher
surfactant concentrations, a second line with a different slope
is drawn, owing to a change in conductivity; the intersection of
the two lines indicates the measured CMC [32]. The mobility

of ions in solution is of a crucial role. The addition of a
surfactant to a solution results in an increase in the ion
concentration, thereby enhancing the conductivity of the
solution. This phenomenon is attributed to the electrostatic
interactions between the oppositely charged surfactant and
other ions [17].

Surfactant micellization represents a balance between
hydrophobic interactions and electrostatic repulsion among the
anionic headgroups. It has been demonstrated that the solutions
exhibiting a lower pH value demonstrate higher conductivity
values in view of the increase in the H* ions concentration in
the solution. The increase in the presence of H* ion has been
shown to result in an increase in electrostatic values, thus
reducing the repulsive forces between the anionic surfactant
headgroups. This, in turn, induces aggregation, micelle
formation, and decreases the CMC [33]. Consequently,
solutions with lower pH have higher electrostatic conductivity,
and the CMC value is lower compared to the CMC of pure
surfactants [34].

The CMC of SDS in pure water (pH 7) was previously
reported at approximately 8.1-8.2 mM at 25 °C [26]. In this
study, the CMC of SDS surfactant at pH 1, 2, and 3 were
decreased to 3, 4, and 6 mM, respectively. It is demonstrated
that the pH value has a direct impact on the CMC of pure
anionic surfactants, thereby confirming the fundamental
behavior of surfactants. In the presence of elevated H+
concentration (acidic condition), there was an increase in ionic
strength and a decrease in -electrostatic repulsion. This
phenomenon facilitated micellization even at lower SDS
concentration. As demonstrated in earlier study, a similar result
showing a reduction in CMC has also been observed. This
decline can be attributed to the presence of metal ions [35] and
pH conditions [34], which have been shown to decrease the
CMC of SDS surfactant. These results indicate that micelle
formation is easier, which subsequently facilitates the
separation of the surfactant from the solution [36]. The
literatures confirms that ionic conditions have a significant
effect on the CMC of ionic surfactant, in coherence with the
results presented in this study.
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Fig. 2. Conductivity of surfactants in pH 1 (a), 2 (b), and 3 (c)
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3.2. Standard value of Gibbs free energy of micellization

The micellization process is typically exothermic and
spontaneous. Consequently, the value of the Gibbs free energy
can indicate the favorable condition for micelle formation [37].
As depicted in Table 1, the thermodynamic parameters of the

acidification process demonstrate a decline in the value of o
with a decrease in pH. The decrease in a is attributable to the
electrostatic interactions between the surfactant and H* ions
resulting from the acidification process [17]. This phenomenon
results in the bulk phase becoming enriched in H* ions and
becoming more polar, thereby reducing the repulsive forces
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between ions in the surfactant headgroups, thus enabling a
greater number of ions with opposite charges to attach to the
surface of the micelles [38]. Protonation of the surfactant
headgroups has been demonstrated to reduce electrostatic
repulsion, thereby facilitating tight molecular packing and
enhanced micelle formation. As the headgroups become more
closely spaced, ion pairing at the Stern layer of the micelles is
promoted, allowing oppositely charged ions to bind more
strongly to the micellar surface [39]. The present study aims to
explore the effect of solution pH on the micellization process
of anionic surfactants. This investigation will be achieved
through the calculation of the standard Gibbs free energy of
micellization.

Table 1. AG,, value in pH variations

pH CMC (mM) AGy, (kJ/mol) a
1 3 -44.95 0.15
2 4 -42.50 0.20
3 6 -40.56 0.21

As illustrated in Table 1, a decrease in the pH of the solution
is accompanied by an increase on the negative standard Gibbs
free energy of micellization (AG®nic). At the lowest pH level
(pH 1), the standard Gibbs free energy of micellization is -
44.95 kJ/mol, which is lower than the values obtained at other
pH levels. The negative value on the calculated Gibbs free
energy of micellization indicates that the formation of the
micelle is a spontaneous process [37]. This observation aligns
with previous findings that the CMC at pH 1 is lower in
comparison to higher pH values. In comparison to the prior
studies, the present study employs acidification in conjunction
with UF, thereby enabling simultaneous micelle formation,
metal ion removal, and surfactant recovery. The changes in the
standard Gibbs free energy of micellization across different pH
levels are attributed to alterations in the molecular structure of
the monomers. Prior to the occurrence of micellization process,
the monomers exhibit free movement freely within the solution.
The addition of acid has been demonstrated to decrease the pH
of the solution thereby increasing the concentration of H* ions
at lower pH levels. This, in turn, restricts the movement of the
monomers. The process of micelle formation is promoted by a
reduction in the electrostatic repulsive forces among the
negatively charged anionic surfactant headgroups [40].

3.3. Size of the micelles

The size of surfactant micelles can be determined by several
factors, including surfactant concentration, temperature, pH,
and electrolytes. In this investigation, dynamic light scattering
(DLS) measurements are employed to determine the average
size and size distribution of the produced surfactant micelles.
The cumulant intensity and the average diameter are referred to
as Z-average, which is calculated from the first cumulant [41].
For ionic surfactants, the pH of the solution and the
concentration of surfactant are critical factors that affect the
size of the surfactant micelles. For that reason, the observations
are conducted at various pH values.

The results of the micelle size measurements are presented

in Table 2. Conversely, as the pH of the solution decreases, the
size of the resulting surfactant micelles increases. The Z-
average of 6994.3 nm was measured at pH 1, and it was found
to be higher than the values obtained at the other pH conditions.
This result is significantly larger than the typical size of SDS
micelles. The polydispersity index (PI) was found to be 3.141.
Meanwhile, the mean micelle size at pH 2 and 3 are 1671.2 nm
and 1595.6 nm, respectively. At a highly acidic pH, the
negative charges on the head groups of SDS are significantly
reduced, resulting in which leads to the aggregation of multiple
micelles into larger clusters, a finding also found in the
previous study [42—44]. In condition of extreme condition such
as highly low pH, such aggregates may grow even bigger in
size, resulting in the formation of non-micellar structures
including bilayers or rod-like shapes, thereby resulting in
higher measurement of Z-average [45].

Furthermore, the high polydispersity index (PI) has been
demonstrated to facilitate the agglomeration of the micelles
into substantial heterogeneous aggregates. The Polydispersity
Index (PI) is a measure of the heterogeneity of a sample based
on size. The PI value is derived from the size distribution within
a sample, including agglomeration or aggregation during the
analysis obtained through DLS. The presence of PI value
greater than 1 indicates a broader particle size distribution, or
alternatively, of polydisperse [46]. This finding demonstrates
that pH has a significant influence on the size of the surfactant
micelles produced. At low pH, the electrostatic repulsive forces
between the negatively charged ionic surfactant headgroups
decrease, facilitating the aggregation of surfactant monomers
and the formation of more compact structures [40]. Moreover,
surfactant micelles tend to show enhanced stability at low pH,
thereby ensuring consistency during the analysis and process,
resulting in a higher Z-average.

Table 2. Particle size of micelle in surfactant

pH Z-Average (nm) PI
1 6994.3 3.14
2 1671.2 1.75
3 1595.6 2.74

3.4. Evaluation of surfactant recovery

As depicted in Fig. 3, a decrease in pH is associated with an
increase in surfactant recovery. Specifically, recovery at pH 1
ranges from approximately 74% to 91% when SDS
concentration increases from 4 mM to 7 mM. At a pH of 2, the
recovery ranges from approximately 63% to 81%, and at a pH
of 3, it ranges from approximately 49% to 65%. At lower pH
levels, an increase proportion of H* ions undergoes protonation
of the SDS headgroups, thereby increasing ionic strength and
reducing the electrostatic repulsion [39]. This process
facilitates micelle aggregation and increases the available H*
ions to detach the metal ions from the surfactant micelles.
Consequently, the trend in the results can be explained
mechanistically by the replacement of the metal ions on the
surfactant micelles with the H" ions from the acid.

The results of the particle size analysis presented in Table 2
demonstrate that lower pH stimulates the formation of larger
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surfactant micelles. This lower surface charge density is in
relation to the aggregation of many surfactants in one micelle,
thus promoting the displacement of multivalent metal ions
during the recovery process [47]. This finding explains why
surfactant recovery at 4 mM is higher at pH 1 compared to pH
3, even at the same SDS concentration, as demonstrated in Fig.
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3(a) and 3(b). Meanwhile, at a concentration of 5-7 mM, the
surfactant recovery is observed to increase. This can be
attributed to the decrease in the CMC of the surfactant caused
by the lower pH, producing more surfactant micelles with a
lower binding site. In turn, it facilitate the separation of the
metal ions [48].
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Fig. 3. Recovery of surfactants with metal ion Cu %' (a) and Cd*" (b)

Furthermore, Fig. 2 demonstrates that the CMC of the
surfactant in a solution with a pH of 1 can decrease to 3 mM,
representing a 62.5% reduction from the CMC of the pure
surfactant. The decrease in CMC facilitates the formation of
surfactant micelles. Thus, at a concentration of 6 mM, which is
twice the CMC of the pure surfactant at pH 1, surfactant
recovery can reach 87%. It has been observed that surfactant
recovery decreases as surfactant concentration decreases and
solution pH increases. The lowest recovery was observed at a
surfactant concentration of 4 mM at pH 3, while the highest was
at a concentration of 7 mM at pH 1.

The separation efficiency between metal ions and surfactant
micelles was studied through metal ion rejection analysis. As
depicted in Fig. 4, the amount of heavy metal ions successfully
separated from the surfactant micelles, with the most separated
metal ions achieved at pH 1, with a substantial decrease in
separation observed at higher pH levels. In strongly acidic
conditions, the abundant H* ions from the acid can compete
with metal ions to replace the bonds between metal ions and
surfactant micelles. The disruption of metal ion coordination
was supported previously by the study showing that changing
the pH influences the equilibrium and stability of metal-
surfactant complexes of SDS-Cu(Il) [49]. The metal ions
released from the surfactant micelles then pass through the
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membrane during the ultrafiltration process. Meanwhile, the
selectivity of metal ion rejection exhibited minimal differences
between two different metal ions, Cu?" and Cd?", with the
highest rejection for Cu?" at 59% and for Cd** at 55%. This
percentage is the amount of metal ions released through the
membrane, with some of the free metal ions remaining on the
feed solution. For that reason, it is logical to conclude that the
rejection rate is not perfect.

While the acid-assisted MEUF system exhibited moderate
rejection rates for free metal ions, this approach provides
several advantages compared to conventional recovery
techniques such as precipitation or gel filtration. The recovery
of used surfactant by precipitation and chelation methods
requires the use of additional chemicals and a complex process
[50]. While gel filtration is likely less efficient when employed
on a large scale. On the other hand, acidification-UF is
considered the simplest, cost-effective, and efficient process for
surfactant recovery [47]. Despite having moderate rejection
rates for free ions, eventually, the acidification-UF process has
been shown to effectively separate the metal ions from the
surfactant micelles while preserving the surfactant for the
subsequent processes [51]. This process has a distinct
advantage in comparison to other recovery methods.
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The recovered surfactant was further evaluated to determine
its effectiveness in capturing metal ions during the wastewater
treatment process. The recovered surfactant was subjected to
testing by the addition of 100 ppm of metal ions. As presented
in Table 3, the amount of entrapped metal ions increases with
the higher pH values during the recovery process. The
performance of recovered surfactant in removing metal ions
from the feed is satisfactory. In this study, 80.2% of Cu** ions
and 81.1% of Cd?" ions were removed from the feed, both at
pH 3. The finding is consistent with the results of previous
research, which demonstrated that at higher pH during the
recovery process, the surfactant was still able to bind more than
50% of the metal ions. Another study utilized a chelating
surfactant, C14-ED3A3Na, in MEUF which also demonstrated
that the rates of metal ion removal increased as the pH value
decreased, with optimal removal at a pH of 1 [52]. The previous
study also demonstrated that the surfactant in a solution at a pH
of 3 exhibited a superior capacity to bind metal ions in
comparison to neutral pH at the same surfactant concentration
[34]. This phenomenon is related to the electrostatic interaction
between the SDS and the metal ions, which is more intense at
low pH. This allows stronger binding of metal ions inside the
surfactant micelles during MEUF [53].

Table 3. Metal ions removal using recovered surfactant

Removal Metal Ion (%)

Metal ion
pH1 pH2 pH3
Cu?* 48% 76% 80.20%
Cd* 53% 74% 81.10%

3.5. Flux profile and modeling of the membrane fouling
mechanism

The results of the flux analysis are presented in Fig. 5, which
demonstrated a continuous decreases in flux with increasing
ultrafiltration time. The decline in flux during the ultrafiltration
process can be divided into two stages. The first stage involves
the formation of surfactant micelles, which then begin to adhere
to the membrane surface and continue to accumulate. The
second stage is characterized by the occurrence of stable state
of adsorption of surfactant micelles on the membrane surface,
which results in no significant further decrease in flux. This
stage reflects the balance between the accumulation of
surfactant micelles and diffusion [54].

As demonstrated in Fig. 5, the flux value is also influenced
by the pH of the solution. At higher pH, the flux obtained is
greater in comparison to that at lower pH levels. The reduction
in flux at pH 1 can be attributed to micelle formation, as
depicted in Table 2, where the surfactant micelles formed at this
pH are larger compared to those at other pH levels. During the
ultrafiltration process, micelles larger than the membrane pores
are adsorbed onto the membrane, reducing the pore size and
causing a significant decrease in flux [35]. In addition to the
larger micelles at pH 1, the viscosity of the solution also
increases as the pH decreases, which reduces the diffusivity of
solutes and further reduces membrane flux [55].

In this study, the membrane fouling behavior was
determined using the Hermia blocking model. The constant K

for each model was calculated through nonlinear regression of
the data presented in Fig. 5. According to the Hermia model,
there are four membrane fouling mechanisms. The data was
fitted to each of the four equation models, with the results
presented in Fig. S-1. Furthermore, the parameter was
calculated, and the result is presented in Table 4.
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Fig. 5. Membrane flux with a surfactant concentration of 7 mM, metal ion
concentration of 100 ppm, and varying solution pH

Table 4. Parameter of the fouling mechanism Hermia models

MEUF- Model R2 K-Value
conditions
Complete Blocking 0.9890 2.51x107?
Internal Blocking 0.9989 1.59 x 107
pH3
Intermediate Blocking 0.8381 6.44x 10*
Cake Formation -2.2015 1.00
Complete Blocking 0.9881 2.92x 107
Internal Blocking 0.9967 1.92x 10%
pH2
Intermediate Blocking 09113 7.03 x 10*
Cake Formation -1.7028 1.00
Complete Blocking 0.9520 3.84x 10
H1 Internal Blocking 0.9936 2.78x 107
P Intermediate Blocking 0.9964 8.18 x 10
Cake Formation -1.2117 1.00

As presented in Table 4, the R? value for model 2 at all pH
variations is greater than 0.992, thus indicating that the
membrane fouling mechanism at different pH levels is
predominantly characterized by internal pore blocking. It has
been demonstrated that the accumulation of the contaminants
does not entirely cover the membrane’s surface, rather, it is
present between the membrane pores, indicating the internal
pore blocking model. This phenomenon results in pore
narrowing [31]. In the low pH condition, the functional groups
on the PES protonated and the surface charge negativity
reduced. This then affects the electrostatic interaction with
anionic surfactants such as SDS, resulting on more
hydrophobic surface [44]. The effect of this on the surface
charge of the membrane, in combination with the hydrophobic
interactions between the backbone of PES and the tails of SDS,
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might be responsible for the intermediate blocking mechanism
that has been observed. The existing literature also reports that
the alteration of surface hydrophobicity and surface charge
occur at low pH conditions [44]. This phenomenon is in
coherence with the current observations of the SDS behavior at
low pH. The lowest R? value is observed in model 4 (cake
formation), making it unsuitable for describing the fouling
mechanism in the ultrafiltration process in this study. The K
value increases from pH 3 to pH 2, with the highest value at pH
1, indicating that the cake formed is thicker and correlates with
the membrane flux. This phenomenon can be attributed to the
formation of larger micelles, which enhance pore blocking.

The membrane surface morphology after the ultrafiltration
process was analyzed by SEM, with the resultant data presented
in Fig. 6. The Fig. demonstrates that fouling begins to form on
the membrane surface at surfactant concentrations below the
CMC value. At lower pH levels, fouling adheres more to cover
the membrane pores [54]. This phenomenon is due to the fact
that lower pH level results in the stimulation of fouling on the
membrane, given that the surfactant concentration is lower than
the pure surfactant CMC value [35].

SEM analysis also reveals the presence of a fouled

membrane surface characterized by a rough and uneven
surface. This is attributed to the accumulation of foulants, such
as surfactant micelles and other contaminants, which also
explains the reduction in flux over time during ultrafiltration
processes. However, the SEM morphology reveals that the
membrane pores are not fully clogged, which also confirms the
result from the model calculation, indicating that the
intermediate pore blocking mechanism is the most suitable
model. Moreover, the SEM morphology of the membrane after
the filtration process demonstrates that there is no
disintegration of the membrane following filtration process
with an acidic feed. This shows the stable performance of the
PES membranes in this study wunder the short-term
experimental acidic conditions (pH 1-3). Despite the absence
of direct examination of the impact of long-term acid exposure
in this work, the investigation of related phenomena remains a
crucial avenue for further research. The previous literature
reveals that the chemical integrity of PES membranes remains
unchanged under acid conditions [56]. Nevertheless, to prevent
the potential degradation of the membrane, it is possible to take
into consideration the operation time and the feed pH during
the application of acid-assisted MEUF [57].

Fig. 6. SEM morphology of the new membrane (A), and the membrane after MEUF at pH 1 (B)

4. Conclusion

The findings of this research demonstrate that the
acidification-MEUF process is an effective method for the
removal of heavy metal ions, while simultaneously facilitating
the recovery of surfactants. The findings indicate that pH 1 is
the most effective for lowering CMC, with maximum
surfactant recovery of 91% and 87.5% for Cu?" and Cd?"
systems, respectively, at an initial surfactant concentration of 7
mM. The findings further demonstrate that the process of
acidification has a direct impact on the CMC. The increase in
pH has been shown to have direct correlation with a reduction
of the amount of surfactant required to form micelles and
remove metal ions. The spontaneous micelle formation process
was confirmed thermodynamically with a negative value of
AGy, at -44.95 - -40.56 kJ/mol. Furthermore, the recovered
surfactant demonstrated the capacity to remove metal ions,
exhibiting rejection rates of 91% for Cu?" and 87% for Cd*".

The modeling study revealed an internal pore blocking fouling
mechanism at low pH conditions. These findings highlight the
practical potential of acid-assisted MEUF for wastewater
treatment with simultaneous surfactant recovery on a larger
ultrafiltration scale.
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