
lable at ScienceDirect

Chemosphere 269 (2021) 128692
Contents lists avai
Chemosphere

journal homepage: www.elsevier .com/locate/chemosphere
Removal of phenolic contaminants from water by in situ coated
surfactant on Keggin-aluminum nanocluster and biodegradation

Hailu Demissie a, b, c, d, Guangyu An b, c, Ruyuan Jiao b, c, Gefei Ma a, b, c, Libing Liu a, b, c,
Hongyan Sun a, b, c, Dongsheng Wang b, c, *

a State Key Laboratory of Environmental Aquatic Chemistry, Research Center for Eco-Environmental Science, Chinese Academy of Sciences, Beijing, 100085,
China
b Key Laboratory of drinking Water Science and Technology, Research Center for Eco-Environmental Science, Chinese Academy of Sciences, Beijing, 100085,
China
c University of Chinese Academy of Science, Beijing, 100049, China
d Department of Chemistry, Arba Minch University, 1000, Ethiopia
h i g h l i g h t s
* Corresponding author. University of Chinese A
100049, China.

E-mail address: wgds@rcees.ac.cn (D. Wang).

https://doi.org/10.1016/j.chemosphere.2020.128692
0045-6535/© 2020 Elsevier Ltd. All rights reserved.
g r a p h i c a l a b s t r a c t
� SDS coated nanocluster for simulta-
neous removal of phenolics and sus-
pension was discovered.

� The surfactant, below CMC, demon-
strated significant simultaneous
removal.

� A high dosage of surfactant resulted
in configuration eversion, and more
effluent SDS.

� The residual surfactant had the abil-
ity to enhance residual solutes
biodegradation.
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Recent water treatment plants require multi-process techniques to remove contaminants from aqua
media. In this study, we investigate the novel, in situ coated sodium dodecylsulphate (SDS), on kegging
Al30 nanocluster as a single water treatment alternative for the removal of phenolic contaminants and
suspension. FTIR, TEM-EDX and Zeta potential analysis characterized the nanocluster decoration. The
resulting property was examined by emission (l-max) of the molecular probe, the online aggregate
image of fluorescence microscopy, and mixing isochrone, fat-soluble dye solubilization. The coated
media was examined as nearly resembling the hydrophobicity of 1-octanol. The elemental line scanning
and mapping showed different morphologies of floc depending on the SDS concentration. The material
was found to follow Brownian motion to enmesh suspended particles like a ladder, and served as
entrapper for small organic contaminants by the sorbed SDS aggregate, based on their log KO/W. About
85% and �95% removal archived for contaminants with the least and highest KO/W value, respectively.
The residual solutes in the supernatant were well decomposed by using a bacterial agent. One-step
removal (less footprint) and ease of operation make this approach an environmentally compatible and
cost-effective alternative for the large-scale treatment process.
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1. Introduction

The water of suitable quality is scarce in the world due to
continuous population growth, political, and climatological factors
(Magro et al., 2020; Pan et al., 2019; Philip et al., 2018). The scarcity
is more aggravated by dumping of a very poisonous (for example
phenolic compounds) and poor biodegradable organic chemicals
released from different sources (industry, agriculture and domes-
tic) (Sharma et al., 2019; Zodrow et al., 2017), which can become a
public health threat via the food chain. The growing gap between
demand and supply of cleanwater obliges the reuse or treatment of
wastewater as an auxiliary resource (Hering et al., 2013); it also
prompts the optimization of existing methods (Qu et al., 2013;
Zodrow et al., 2017). Much attention has been paid to address the
problem of organically (phenolics) contaminated water treatments
using, nanofiltration (Ma et al., 2010), adsorption (Zodrow et al.,
2017), membrane filtration (Bielska and Szymanowski, 2006; El-
Abbassi et al., 2011; Li et al., 2011; Pan et al., 2019), biodegrada-
tion (Kurade et al., 2017; Magro et al., 2020; Zeng et al., 2018),
advanced oxidation (Ma et al., 2010, 2020; Pan et al., 2019). How-
ever, most have not yet been that much commercialized since they
are exhibited by the operational complexity, inefficiency, energy
consumption, dependency, and cost ineffectiveness.

As an alternative, adsorptive micellar flocculation (AMF) and
surfactant-modified admicelle (SMA) has gained prominence to
transform aqueous organic pollutants to flocculation/sedimenta-
tion (Adak et al., 2005; Pat�on-Morales and Talens-Alesson, 2000;
Talens-Alesson et al., 2004; Talens et al., 1998). For instance, while
SMA requires much surfactant and high agitation energy, AMF re-
leases a significant amount of unbind surfactants and dissolved
organic-surfactant complex in the effluent (Talens-Alesson et al.,
2004). Besides, only the assumption, micellar flocculation in AMF
is incapable of explaining the removal mechanisms because the
sedimentation could occur below critical micelle concentration
(CMC). Anionic surfactants would also incline to in-situ adsorb at
the fresh gel surface in the media (cation hydrolysis products)
(Streltsova et al., 2002). Moreover, hydrolysis/coagulation charac-
teristics of the added cationic species in the AMF media, particu-
larly the role of polycationic species for surfactant coating, and in
turn, hydrophobic contaminant removal mechanism by the coated
material is not studied yet.

Polymeric species containing products, poly aluminum chloride
(PACl), is more popular coagulant due to its high coagulation effi-
ciency. Despite, it’s main content (Al13 particles) decomposes
through bidentate coordination with dissolved organic ligands
(symbiotic chelation) if dissolved organics present in the sample
(Abeysinghe et al., 2013; Song et al., 2019). However, a high basicity
product (Al30 nanocluster solution) with a strong sorbing nature for
organic ligands (Abeysinghe et al., 2013), relatively yields insoluble
complex with dissolved organic matter (Kimura et al., 2013). With
different scenarios than Al13 (physical sweep flocculation), Al30
particles can adsorb dissolved organics and aggregates at appro-
priate pH in addition to its suspension removal (Abeysinghe et al.,
2013). Addition of anionic surfactant into Al30 containing media
was expected to presumably introduces certain hydrophobicity
than were in highly hydrated bulk aggregate of surfactant (Saitoh
et al., 2002). Consequently, molecules hardly removed by bare
coagulation would be partitioned, based on their affinity for hy-
drophobic media, and suspension would flocculate with the co-
agulum. Thus, it would enable the approach for single-step removal
of dissolved and non-dissolved contaminants.

Inspired by keggin-Al30 performance and sodium dodecylsul-
phate (SDS) properties, we attempted the introduction of Al30-
based surfactant aggregate for the destabilization of suspended
2

particles and extraction of hydrophobic molecules. Whereas the
use of polynuclear materials for surfactant mediated separation
from the viewpoint of the discrepancy in situ surfactant aggrega-
tion has not been well-studied yet. The elemental mapping of floc
by TEM-EDX, the respective line scanning, and fluorescence imag-
ing were investigated to examine and obtain evidence for the non-
intrusive image-based AMFmechanistic suggestions and the in situ
SDS aggregation. Further emphasis was given to evaluate the
biodegradation of residual pollutants in the effluent water.

2. Materials and methods

2.1. Materials and reagents

The chemicals used in the study were all analytical grades ob-
tained from Sigma-Aldrich and Aladdin, was used without further
purification. Bacillus subtilis, No. AB93108 was obtained from the
China center for type culture collection. An ethanol solution (1 g/L)
of solutes (phenolics) were used as working solutions, which were
prepared by using high purity (>18 MU) grade water except a hu-
mic acid (HA) working solution. All glassware was cleaned with an
ultrasonic cleaner, washedwith a 7% HCl solution, and rinsed by the
pure water.

Synthesis and characterization detail of the bed material, poly-
nuclear Gemini kegging nanocluster solution, is available in the
supplementary material. It was denoted as Al30 in this study.

2.2. Jar test procedure

In order to simulate large scale applications, the experiments
were carried out using a jar test with six-paddle gang stirrer
MY3000-6F (Meiyu, China) containing a fluorescent lamp to
observe floc formation. SDS was thoroughly mixed in the synthetic
working solution (referring to the amounts required to reach the
desired final SDS concentrations in a 500mL contaminant solution)
before the addition of a pre-determined Al30 solution. The pH of the
resulting mixture was pre-adjusted by using 0.1 M NaOH and HCl.
Al30 solution was added at a various dosage, and the samples were
stirred at 100 rpm for 2 min, 50 rpm for 11min, and 10 min of
quiescent settling. For zeta potential measurements, a portion of
samples were taken immediately after rapid mixing into Zetasizer
3000HS (Malvern, U.K) using a syringe. A series of pre-experiments
were performed for obtaining optimum conditions, such as pH, the
dosage of both Al30 and SDS.

The dynamics of aggregate growth during the process was
monitored at 30 s intervals of coagulation using particle size
analyzer, Mastersizer 2000 (Malvern, U.K) in a manner stirred
slowly under magnetic force to protect the breakage of floc. The
suspension from a flocculation vessel was drawn by peristaltic
pump through a tubing with 5 mm internal diameter.

2.3. Analytical method

After quiescent settling of coagulation, the samples were drawn
from the point of 3 cm under the top surface of jars and passed
through a 0.45 mm membrane filter before the analysis of residual
components, then 20 mL aliquots were introduced to the HPLC
system (Agilent 1200, U.S.A) to determine residual contaminants
(more detailed in supplementary material). The residual HA was
estimated by ultraviolet absorbance at 254 nm (UV254) using
UVevisible spectrometer, UH5300 (Hitachi, Japan). The obtained
floc was freeze-dried at 96 h for Furrier transform infrared spec-
trometer (FT-IR) and TEM analysis.

The sorbed amount of SDS and the respective adsorption ca-
pacity were estimated from the difference between the added and
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residual SDS concentration in bulk, while the residual amount of
surfactant in the supernatant was analyzed by employing modified
ISO-2271e1989. Analytical grade reagents benzethonium chloride
(hyamine 1622) used as a standard, an indicator consisting a
mixture of cationic dye, dimidium bromide, and anionic dye,
disulfine blue (Acid blue 1) was used to indicate the endpoint. To
provide the organic phase and for the extraction of a colored
complex, analytical grade chloroform was applied.

2.4. Characterization and nature of SDS-Al30

The freeze-dried floc samples were well placed to KBr pressed
disk technique and prepared in ethanol for investigation of SDS-
Al30 formation by FT-IR (Nicolet 8700, Thermo Fisher Scientific,
USA) and TEM, respectively. To investigate the in-situ coatings of
SDS and the effect of its concentration on the phenomena, floc
samples of different coagulation period were used to obtain the
elemental distribution and line scanning by spherical aberration-
corrected TEM consisting energy-dispersive X-ray (EDX), 2100F
(Oxford X-MaxN) at 80 KV. Elemental line scanning was carried out
by TEM, field emission at 300 kV. The morphology of SDS-Al30 floc
was investigated by running the TEM (80T) at 300 kV. The oper-
ating conditions were: dark current 95 mA and emission current
129 mA.

Fluorescence emission wavelength was examined for the eval-
uation of hydrophobic property of SDS-Al30 as extracting media.
Sodium phosphate buffer 20 mM, pH 7.5, was used to dilute an
absolute ethanol solution of N-phenyl-1-naphthylamine (PN) in
order to obtain 5 � 10�6 M PN working solution. Its resulting 10 mL
buffer solution was added to 10 mL SDS-Al30 (100 ppm Al30 and
110 ppm SDS) with care (Saitoh et al., 2002), and a fluorescence
spectrum was taken at the excitation wavelength of 340 nm.

2.5. Mechanistic investigation

The adsolubilization mechanism of phenolic compounds during
partitioning into the SDS aggregate was examined as follows: A
6 mg/mL of a fluorescent dye (DiOC6(3)) was prepared in dimethyl
sulfoxide and deionized water (1:10 vol ratio) at pH 8.5, which
contains 0.5 mM each NaHCO3 and NaNO3 in the final solution. The
resulting solution was coagulated to obtain the fluorescence im-
aging at 450e490 nm of blue excitation-filter, during aggregation.
Specimens were examined by Laser scanning confocal microscope
(Leica corporation) with a numerical aperture of 14 and a � 60 oil
immersion objective lenses. The miscibility of isochrones, fat-
soluble dye, 2-naphthalenol, 1-((4-(phenyl azo) phenyl) azo-
(Sudan III) with SDS-Al30 and Al30 media was observed to further
examined the mechanism. This dye was chosen due to its immis-
cibility with water such that the media interacting with it (partition
it) can be regarded as non-polar in nature.

2.6. Biodegradation

Details of biodegradation and enzymatic hydrolysis procedure
for fluorescein diacetate (30,60-diacetylfluorescein, FDA) is available
in the supplementary material. The product of FDA hydrolysis by
bacterial cell enzyme is fluorescein, which was visualized within
cells by Laser scanning confocal microscope. To determine the
extent of solute biodegradation, 2 mL of 4MHCl was added into the
degradation media to dissolve the suspension, then 5 mL of N, N
dimethylformamide was added for extraction of the organic phase.
For phase separation, 2 mL of 4 M NaOH was added and sonicated
for 10 min and then passed through a 0.2 mm membrane filter
before introducing it to the HPLC system.
3

3. Results and discussion

3.1. Formation of SDS-Al30

Anionic surfactants like sodium alkyl sulfonates and sodium
alkanoates have a high affinity to adsorb at a solid-liquid interface
(Streltsova et al., 2002). Among them, SDS is characterized by high
aggregation number 120e130 (Paria and Khilar, 2004), ease of
flocculation reversal, biodegradability, and non-carcinogenicity
(Adak et al., 2005; Bondi et al., 2015). Polymeric aluminum hy-
drolysis product, particularly fresh, large-sized aluminum hydrox-
ide gel, and aluminum oxides are known adsorbents (Streltsova
et al., 2002). Abeysinghe et al. (2013) pioneered that a coagulant
solution with a high content of Al30 species has a strong organics
sorbing potential. Also, fresh aggregates of Al30 nanocluster as a
substrate can accommodate anionic surfactants readily on its sur-
face with a spot of high positive charge. Because of repeated Keggin
structural units of polycations, the deprotonating process at slightly
acidic pH is difficult, so Al30 species hardly aggregate each other
due to repulsion by their strong charge. However, due to the more
readily deprotonating capacity of H2O on octahedral bridging units
at Al atom than the H2O and OH groups associated with the Keggin-
like moieties of Al30, partial hydrolysis takes place around neutral
pH. The final product still mainly possesses a high positive charge
(Chen et al., 2006) and could sorb anionic surfactant via/among
several sorption mechanisms. The resulting SDS sorbed media was
designated as SDS-Al30 in this study.

3.1.1. Adsorption-sedimentation
In the jar test experiment, first the Al30 solution was added to

SDS containing media (far below CMC), where micelle cannot form
in the absence of a solid sorbing surface. Depending on SDS con-
centration, flocs of different sizes were built, and sediments were
observed probably due to the sorption of SDS monomers at the
surface of Al30 or on the fresh coagulum. The high surface affinity of
SDS and the nature of Al30, which embedded fresh amorphous
material and spots with a local positive charge, makes this hy-
pothesis worthwhile. Then, the experiment was continued until the
SDS concentration crosses the CMC.

As stipulated in Fig. 1a, SDS accumulations on the partial hy-
drolysis product of the nanocluster remarkably increased with a
rise in the initial SDS concentration. Then the sorption nearly
became independent of the added SDS concentration, attributed to
SDS monomers’ involvement in the micelle-like structure formed
in bulk (saturation plateau) (Adak et al., 2005). The sorption can
also be assumed from the decrease in the positive zeta potential of
SDS-Al30, evidenced by the charge neutralization of the nanocluster
aggregate by sorbed SDS monomers and SDS induced coagulation.

3.1.2. Characterization of Al30 modification
The FT-IR spectra of pure SDS and SDS-Al30 obtained from SDS

concentration at isoelectronic point (Fig. 1b) have some set of
typical adsorption bands. The bands at 2920 cm�1 and 2860 cm�1,
attributed to SeO and CeO bond stretching, respectively. The
spectral bands appeared at 2920 cm�1, and 2860 cm�1 belongs to
symmetric and asymmetric CeH stretching of -CH3, respectively,
while the spectrum at 1460 cm�1 reflects CeH bond deformation of
eCH2 (Liu et al., 2019). For SDS-Al30 sample, the band located at
777 cm�1, between 908 cm�1 and 1050 cm�1, and 3400 cm�1 were
respectively attributed to the stretching of tetrahedral aluminum
species, asymmetric and symmetric stretching vibration of AleO,
and the OeH stretching vibration of OH (Abeysinghe et al., 2013;
Liu et al., 2019). Whereas, the band at 1650 cm�1 is indicative of the
bending vibration of water in the polycation structure (Liu et al.,
2019). It can also represent OeH bending vibration of the



Fig. 1. Amount of SDS sorbed and zeta potential variation with [SDS] at pH 8.5 and 100 mg/L as Al (III) (a), FT-IR analysis of pure SDS and SDS-Al30 (b) Correlation between relative
permittivity (Janz and Tomkins, 1972) and the l-max of PN in different solvents, and the l-max in the respective SDS-Al30 media(c).
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interlamellar and adsorbed water molecules in the liquid crystal
layer. These features and TEM-EDX spectra (section 3.4.2) confirm
SDS sorption on Al30 (formation of SDS-Al30). Besides, the presence
of spectral bands that belongs to polycation building-unit (AlO4)
suggests its decomposition stability.

As depicted by Fig. 1a, the adsorption phenomenon was
observed far below the CMC of SDS, 8.3 mM (Bielska and
Szymanowski, 2006) by adding at least 50 mg/L (ca. 0.17 x mM)
of SDS; also, it was below its CMC (0.59 mM) in the presence of
100mg/L Al(III) solution (Talens et al., 1998). Hence,110mg/L of SDS
which was nearly the isoelectric point was regarded as a Pre-CMC
in this study as it was below 0.59 mM. While as 400 mg/L (above
0.59 mM) designated as a Post-CMC. These dosages were also
corresponding to efficient contaminant removal (which appear
later).
3.1.3. Emission properties of fluorescent probes
The hydrophobic sites and polarity parameters on macromole-

cules have been examined by comparing fluorescence spectra of
different molecular probes. The most common probes are 8-
anilino-1-naphthalene sulfonic acid ammonium salt (ANS), 3,6-
Bis (dimethylamino)-10-dodecylacridium bromide (AO-10), NPN,
and pyrene (Py) whose emission spectra are responsive to solvent
properties. Among, (Py) can significantly alter the structure of
aggregate (hemi/admicelle) while as (AO-10) may be electrostati-
cally eliminated due to positive and negative charges respectively
4

on Al and SDS species. Since PN has been extensively applied to
detect the hydrophobicity of surfactant admicelle/hemi-micelle
(Saitoh et al., 2002), it seemed to be the most appropriate probe
in this study.

The formation of a hydrophobic surface due to the hemi/admi-
celle layer as a result of surfactant accumulationwas examined here
in. The correlation between the maximum emission wavelength (l
max) and relative permittivity value of PN of different pure solvents
(Janz and Tomkins, 1972; Saitoh et al., 2002) was illuminated in
Fig. 1c. The arrows in the figure indicate the l max values of PN in
pure SDS micelle (432 nm), which was enhanced to lower wave-
length region (409.8 nm) in SDS-Al30 media. The l max of PN in
SDS-Al30 was close to the value of known extracting solvents for
hydrophobic compounds such as 1-octanol (411 nm) and ethyl
acetate (408 nm). It is obvious that lmax is positively and inversely
corelated with relative permittivity and hydrophobicity, respec-
tively. Therefore, the decrease in lmax in SDS-Al30 media should be
resulted due to formation of micelle like hydrophobic structure at
the solid-liquid interface (Saitoh et al., 2002; Streltsova et al., 2002).
On top of this, the incorporation of hydrophobic dye, Sudan III dye,
by the SDS-Al30 and the accumulation of this dye at the top of Al30
solution (Fig. S2) further suggests the suitability of the formed
hydrophobic structure for the potential applicability to hydropho-
bic compounds extraction (Liu et al., 2019).



H. Demissie, G. An, R. Jiao et al. Chemosphere 269 (2021) 128692
3.2. Performance evaluation

3.2.1. The role dosage
The removal of attention-grabbing toxic groups, phenolic com-

pounds by SDS-Al30 was estimated from the difference in their
supernatant and initial concentrations (Eq. (1)). As an alternative
method, the operating conditions and parameters should be set in a
way that ascertains the content of contaminants, suspension, and
SDS in the effluent to be not too high. The removal efficiency (%),

Removal ð%Þ ¼ Ci � Cs
Ci

� 100 (1)

where Ci belongs to initial concentration of phenolics in the
working solution, and Cs is their supernatant concentration.

The optimum working conditions such as pH, adsorbent, and
adsorbate concentration on the technique were investigated
(Fig. 2). Accordingly, phenolics were hardly removed in the absence
of SDS (note the y-intercept of Fig. 2a). The removal efficiency
increased significantly with an increase in SDS concentration,
concomitant with the formation of more hemi/admicelle forma-
tion, which could provide easier access of solutes to surfactant
chains on the adsorbent (Demissie et al., 2020). Conversely, after a
particular SDS increase (critical aggregation concentration), the
contaminant’s equilibrium concentration began to increase, owing
to SDS aggregate-like formation in bulk aqueous solution, which
could have dragged the solutes into the bulk solution. The removal
was increased once againwith a further increase in SDS (post-CMC)
owing to micellar flocculation (Pat�on-Morales and Talens-Alesson,
2000). Note that increasing the dose of SDS resulted in more SDS
in the effluent.

Compared with other contaminants, the partitioning of non-
ylphenol by SDS-Al30 was more enhanced with respect to SDS
concentration, attributed to the high affinity/suitability of the SDS-
Al30 for a compound with long-chain length, hydrophobic sub-
stance (Talens-Alesson et al., 2004). The removal of all components
approached to a plateau, and the removal was decreased when the
concentration of SDS reached beyond 110 mg/L. This phenomenon
probably reflects the impact of non-flocculable aggregation of SDS
monomers in the bulk media, which entraps fractions of phenolics
to its hydrophobic site. Also, the formation of admicelle bilayer with
the anionic head region facing the bulk could be difficult for ionized
organic anions to penetrate through (Adak et al., 2005). When SDS
concentration keeps on increasing and reached about 250mg/L, the
decrease in the removal was more significant in the case of non-
ylphenol than octyl phenol, suggesting its affinity for the hydro-
phobic core of the increasing SDS-aggregates in bulk. With the
phenol removal remained below others due to its lower affinity for
the admicelle aggregate. Between 250 mg/L and 400 mg/L of SDS,
the removal started to increase continuously. When the initial SDS
concentration increased, the aggregation number of SDS in bulk
was expected to markedly increase and eventually turn to micelle
formation, which could undergo micellar flocculation. In this case,
the removal mechanismwas seemed to be incorporation of solutes
into themicellar hydrophobic region before flocculation (AMF). The
removal of nonylphenol was remained significant, as it might had a
high affinity for themicelle-core. This phenomenon is in agreement
with the CMC of SDS in the presence of aluminum salt studied by
Talens et al. (1998).

Conversely, the removal of all contaminants continuously
increased with an initial concentration of Al30 solution (Fig. 2b),
then passed through maxima, and negatively influenced when the
concentration was nearly beyond 100 mg/L, probably due to flocs
cleavage into several pieces by large-scale fragmentation (Jarvis
et al., 2005; Lin et al., 2008). Since post-CMC was characterized
5

by a very high effluent concentration of SDS (equilibrium SDS)
contrary to pre-CMC (with the result not found here), pre-CMC was
studied in great detail to evaluate the performance of SDS-Al30. It
can be taken as the advantage of the current approach than AMF
while employing for a practical application.
3.2.2. Effect of pH
A pertinent question to consider is the role of pH in the mech-

anism of organic contaminant removal. One of the reasons for more
efficient removal obtained as the pH eventually near to eight
(Fig. 2c) is related to Al30 optimum hydrolysis performance.
Despite, the removal yield of phenolic compounds with/without
SDS reflected a quite different efficiency, with very less removal by
coagulation alone, suggesting that only charge neutralization, and
swept flocculation cannot explain hydrophobic solute removal.

It is well known that the adsorption property is highly related to
the physical and chemical property of an adsorbent surface (bind-
ing site), and pH has a sound influence on the surface chemistry. At
high pH, SDS ions attain more negative charge, which binds them
effectively with a positively charged surface and improves its par-
titioning capacity for organic solutes (Adak et al., 2005). For com-
pounds like phenol with higher pKa value, working under alkaline
pH conditions improves sorption efficiency (Pat�on-Morales and
Talens-Alesson, 2000). Since phenol is a weak acid (Eq. (2)), it can
dissociate into phenolate at high pH, but the point is the polymer
flocculent, and SDS suffers from stability at high pH. Despite, the
floc surface attains a high pH than the bulk media due to the
repulsion of protons from its highly positive surface (Tsui et al.,
1986). Since the floc surface pH resembles pKa of phenol prior to
the bulk pH value approaching pKa of phenol, phenolate anion
effectively strikes to the surface (the polar/ionic palisade region of
admicelle), and the core aliphatic alkyl aggregate of SDS encapsu-
lates its aromatic ring. However, at a very high pH value, the
removal efficiency was started to decline, ascribable to the less
stability of SDS (desorption), and formation of other aluminum
species (AlðOHÞ�4 or AlðOHÞ3Þ, having entirely different nature.
These demonstrate the fact that various pollutants extracted by the
different site of SDS-Al30 depending on their nature.

C6H5OH4C6H5O
�pKa ¼ 9:95 (2)

Furthermore, the relationship between partitioning of contam-
inants to admicelle/hemimicelle and their hydrophobic property
was discussed. The interaction of solutes in SDS aggregate was
represented in terms of binding constant (Kb). Kb can be described
as (fraction of a contaminant incorporated in the SDS aggregates
per gram of aggregated SDS/equilibrium concentration of the
contaminant).

Kb ¼
DEV
Xs

ð100� DEÞ (3)

where DE belongs to the difference in the collection yield of solute
(%) between SDS-Al30 and uncoated Al30, V represents solution
volume (L), while as Xs stands for the amount of surfactant (kg)
sorbed on SDS-Al30.

The Kb values for some series of phenolic compounds were
summarized (Table 1) under the prescribed conditions. The extent
of their collection was seemed to be independent of the SDS con-
centration but increased with increasing hydrophobic properties of
the solute. When Kb is used to represent the phenolics collection
extent, a nearly linear relationship between the aqua-octanol
partition coefficient, log Ko/w, and log Kb was obtained (Fig. 2d).
This demonstrates the fact that organic solute extraction to SDS
aggregate was predominantly governed by hydrophobic



Fig. 2. SDS-Al30 performance: effect of SDS, Al30 and pH respectively a, b, c; relationship between log Kb and log Ko/w(d); effect of SDS-Al30 on HA removal (e): the respective of
110 mg/L SDS (b, c, e), 100 mg/L as Al (III) (a, c, e) and pH 8.5.
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interaction. Table S2 shows the removal of organics by different
related methods.
3.3. Removal of suspended particles

The removal of suspended particles and the suspension influ-
ence on small organic contaminant removal was evaluated by using
Al30 and SDS-Al30 media. HA was chosen as a representative sus-
pended particle (has always been regarded as a large particle in
scientific reports). A trace amount of dye was used to visually
observe the phenomena.

Contrary to small hydrophobic contaminants removal (Fig. 2e),
6

HA removal efficiency by Al30 alone and SDS-Al30 (Pre-CMC)
increased with the concentration of the Al30 solution, indicating the
capacity of both the coagulant (extensively studied) and SDS-Al30
on suspension removal. Despite, below the optimum dosage, the
removal trend by the two media appeared with different slops (a
very rapid decrease of UV254 in coagulant media), owing to the
difference in the removal mechanism. Although the Al30 solution
can destabilize the repulsion between HA colloids through charge
neutralization or DLVO theory, the mechanism of SDS-Al30 on HA
particle removal should be quite different. In this case, the removal
can be interpreted in terms of adsorption and collision theory
(Tambo and Wang X, 1993). Accordingly, through collision, these



Table 1
Recoveries of hydrophobic organic compounds to SDS-Al30, log Kb, and log Ko/w (Kamiya and Tanaka, 1995).

Phenolic compounds SDS added (mg) Sorbed (%) log Kb Average log Kb Log Ko/w

2, 3-Dichlorophenol 50
75
100

25±2
65±4
85±4

3.2
3.2
3.3

3.23 3.08

2, 4-Dichlorophenol 50
75
110

29±3
70±2
87±1

3.3
3.4
3.4

3.33 3.21

3,4-Dichlorophenol 50
75
110

33±1
74±2
88±1

3.4
3.5
3.6

3.5 3.44

2, 4, 6-Trichlorophenol 50
75
110

38±4
79±3
89±1

3.6
3.8
3.7

3.70 3.72

2,3,4-Trichlorophenol 50
75
100

41±1
81±2
89±2

3.7
3.9
3.9

3.83 3.8

2,4,5-Trichlorophenol 50
75
100

30±3
85±2
89±1

4.3
4.4
4.1

4.2 4.1

2, 3, 4, 6-Tetrachlorophenol 50
75
100

60±4
80±2
97±1

4.1
4.2
e

4.15 4.42

Pentachlorophenol 50
75
100

80±1
90±1
98±1

4.8
5.1
e

4.95 5.02
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particles can aggregate and floc together to form a duplex type of
particle, which by turn, collide with prime particle or particle of the
type and eventually form larger flocs. However, UV254 in the case of
SDS-Al30 was not significantly reduced at a low dosage of Al30 (SDS-
Al30), andmore reduced as the dosage keeps on increasing. It can be
explained in terms of Brownian motion, as collision probability
between this particle and HA could be increased with the con-
centration of particles increased. Unlike SDS-Al30 media, the UV254

starts to elevate again in the coagulant media, as more dosage can
bring restabilization of HA particles (Chen et al., 2006).

Besides, the removal yields of all solutes by SDS-Al30 (Fig. S2) in
the presence of HA became improved (Adak et al., 2005): phenol
removal increased from 85 to 92%, nonylphenol from 95 to 99% and
octylphenol from 90% to 97%. These are investigators for the
simultaneous removal of suspended particles and organic micro-
pollutants from aqua media.
3.4. Mechanistic investigation of the removal

3.4.1. Flocs size (d50)
As an amphiphilic substance, SDS can interact with hydrophilic

and hydrophobic media, where its concentration difference in-
fluences the resulting structure. The high surface area, strong
charge and the presence of more corner and age shared reactive
(OH and H2O) sites on Al30 lead it to have a good hydrophilic surface
property. Besides, unlike bulk SDS-aggregates, hydrophobic organic
molecules have less interactions with both the Al30 surface and
SDS-monomers. Therefore, we deduced that the investigation of
the interaction between Al30 and SDS is essential, as it is the first
step for partitioning pollutants. It was expected that the size and
structure of SDS-Al30/flocs’ are significantly influenced by the SDS
aggregation mechanism and nanocluster hydrolysis/precipitation
behavior (Chen et al., 2006; Lin et al., 2008).

The floc growth profile in terms of the median equivalent
diameter (d50) for the formation of SDS-Al30 was depicted at pre-
and post-CMC concentrations. It can be identified from Fig. 3a that
there exist marked differences in the growth trend of the floc be-
tween the twomedia. For the Pre-CMC sample, there was relatively
no size change during the initial stage of coagulation (in response to
7

the nucleation process). Because of the high positive charge of the
Al30 species due to insufficient hydrolysis at the start (Chen et al.,
2006), the repulsive force among Al30 particles has a detrimental
effect on rapid size growth. However, it could provide a binding site
to condense negatively charged SDS monomers after certain hy-
drolysis. The particle diameter then started to increase rapidly after
the induction period, reflecting the SDS monomer’s sorption on
nanocluster aggregate by strong electrostatic attraction, which
could bring more charge neutralization, followed by flocculation.
SDS adsorption at reactive sites could also have prevented further
hydrolysis and enhanced aggregation of Al30 by completing the
coordination condition (Abeysinghe et al., 2013).

For the Post-CMC sample, however, the particle size increased
rapidly right after Al30 dosage, mimetic of micellar flocculation.
Also, the particle size was enormous (Fig. 3a) that the growth dy-
namics difference with Pre-CMC was easily identified visually
during the experiment. Several factors could be related to amphi-
philic colloidal particle growth, the adhesion of Al30 around the
micelle could suppress the inter micellar repulsion (Talens-Alesson
et al., 2004) and adsorptively bridged the colloidal clusters. Also, a
rapid compression of electric double layers of colloidal particles
(micelle) could be apparent that the phenomenon might be
occurred readily. Meanwhile, the size growth trend was missed
regularity (instant deformation) at the time corresponding to the
rapid size change of the Pre-CMC sample, then the size increased
once again. This seemed to reflect the hydrolysis of an adhered Al30
at a micelle head group region (Liu et al., 2019). Strangely, d50
started to decrease slightly after a particular growth of floc
(maximum), owing to surface erosion and breakage by eddies
splitting from large flocs (Jarvis et al., 2005; Lin et al., 2008). As per
the pre-experiments, stirring speed greater than 100 rpm was
found have a significant effect on facilitating this condition.
3.4.2. TEM-EDX spectroscopy
To gain clear evidence of the in-situ coating of SDS on fresh Al30

substrate (aggregate) and the above suggested impact of SDS con-
centration, we investigated the adsorption phenomena on the floc
obtained at pre and post CMC by using TEM-EDX.

According to the investigation of elemental distribution by EDX



Fig. 3. Mean floc diameter versus flocculation time for pre- and post-CMC (a), EDX elemental mapping of Pre-CMC (b), and Post-CMC (c) for AleC, O, and C: raw water pH 8.5 and
100 mg/L of Al (III).
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spectroscopy equipped with spherical aberration-corrected TEM at
150 s of flocculation for the Pre-CMC (Fig. 3b), a small fraction of C is
located to the exterior of Al bed. The same configuration was
exhibited after 10 min of coagulation except for the increment of
deposited carbon amount on Al bed, attributed to more deposition
8

of SDS on the surface of the coagulum through time. Conversely, for
the post-CMC sample at 150 s (Fig. 3c), C was trapped inside, and
the yellow spot (Al) was spread outside (mimetic of micellar floc-
culation). In contrast, for the sample after 600 s of coagulation, Al
was trapped inside, and C was exposed outside.
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Although the C configuration after 600 s seemed to happen as a
result of further adsorption of bulk aqua SDS on the adsorbed Al
species (along the micelle head group region), the collapse of
flocculates into liquid crystal (inversion of configuration) is also
assumed to be reasonable phenomena (Liu et al., 2019), as SDS
concentration nearly unchanged after 600 s (Fig. S3). This phe-
nomenon also resembles the observation of rapid floc size defor-
mation corresponding to Al hydrolysis time (Fig. 3a). Since the
media pH was found to enhance adsorbed nanocluster on micelle
head group to undergo further hydrolysis, the micellar cluster
would have been spontaneously restructured or collapse (Liu et al.,
2019) into liquid crystal (configuration eversion) in response to a
new amorphous favorable sorption surface formed by the fresh
hydrolysis products/aggregates. Additionally, the phenomena
would favorably be compared with (resembles) the schematic view
of the AMF mechanism by Pat�on-Morales and Talens-Alesson
(2000).

To further verify our visual observation of EDX mapping,
elemental line scanning was carried out by field emission EDX. The
results obtained from line scanning spectra were in pair agreement
with the above observations. For instance, the most intense line
scanning spectra of both C and S for the Pre-CMC sample at 150 s
and after 600 s was appeared outside that of Al (Fig. 4). For Post-
CMC, similar phenomenon on the most intense spectra of C was
observed only for the sample collected after 600 s, which is in
contrast to the C, S and Al intense spectral features of the sample at
150 s. These results strongly demonstrate the eversion of configu-
ration by the Post-CMC sample after 600 s, which exposed out its
hydrophobic core.

Along with the above observations, the most intense TEM
Fig. 4. The line scanning spectra of SDS-Al30 for pre- a
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spectral of Al for the Post-CMC at 600 s compared to the sample of
150 s (Fig. S3) was observed, owing to aggregation/flocculation of
adsorbed Al shell including some of bulk Al (configuration ever-
sion) as sorption substrate (Liu et al., 2019). However, DS mono-
mers were seemed to remained sorbed as C and S spectra at
different sampling time were appeared nearly similar. Conversely,
the Al spectra of Pre-CMC at different time observed with small
difference, suggesting the prevention of further Al hydrolysis
(configuration eversion) by aggregated SDS. Despite, the C and S
spectra demonstrated significant change attributed to more ag-
gregation of DS ions over time on the coagulum. Moreover, the
darker interior part of the TEM image than the exterior part
(indicated by arrow) for both samples (Fig. 5a) further reflects the
adsorbed layer of surfactants on the solid core.

3.4.3. Fluorescence microscopy
Fluorescence microscopy was employed to investigate the

mechanism of organic contaminant removal by SDS-Al30. A 3,30-
Dihexyloxacarbocyanine iodide (DiOC6 (3)) was chosen as a micro-
hydrophobic pollutant to observe the fluorescence image of each
SDS-Al30 and Al30 media. The bright field and fluorescence images
of the in-situ aggregations of small molecule by the two media
were observed by using a confocal microscope. In both media,
bright-field images of flocs were observed, indicating their floccu-
lation or suspension removal ability (Liu et al., 2019). However,
fluorescent aggregates were observed only for the SDS-Al30 fluo-
rescence image as they transferred from the aqua to the hydro-
phobic coagulum surface, which were concentrated on the surface
of SDS-Al30 over time (note arrow in Fig. 5b). This investigation
demonstrates the presence of a hydrophobic sorbed alkyl chain
nd Post-CMC at different process time: at pH 8.5.



Fig. 5. TEM image of SDS-Al30 after 600 s of nanocluster addition(a). b, Bright field image (A) and the corresponding fluorescent images (B) of SDS-Al30 (b1) and Al30 (b2) of real time
DiOC6 (3): 100 mg/L of Al (III), 110 mg/L of SDS and pH 8.5.
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structure at the surface of SDS-Al30. In contrast, no fluorescent
aggregates were observed in the fluorescence image of Al30 coag-
ulation, suggesting that organic solutes cannot be incorporated into
mare coagulation, unlike SDS-Al30.
3.5. Biodegradation

Finally, the biodegradation activity of bacillus subtiliswas further
examined. The effects of synthetic surfactants on enhancing
biodegradation activities of a bacterial cell have been reported
elsewhere (Reese and Maguire, 1969; Zeng et al., 2018). Similarly,
SDS is also expected to improve mineralization.

First, the influence of suspension or surfactant on bacterial
enzyme activities was evaluated from the concentration change of
organic pollutants through the time course of the degradation
process (Fig. S4). Biodegradation of the hydrophobic compounds
increased with time, might be related to the extent of bacterial
growth. According to Zeng et al. (2018), contaminants’ incorpora-
tion into suspension reduces bacterial cell toxicity and enhances
catalysis by enzyme production. The bacterial enzyme is thought to
hydrolyze FDA to fluorescein, which could fluoresce within the
cells, and thus visualized by a confocal microscope as indicator of
bacterial activities (Fig. S5).

Inspired by the above suggestions, until more evidence is
available, it has to be questioned whether the effect is only due to
the suspension. It was then compared by examining the impact of
filtrate of the suspension as biodegradation media, repeating
(following) the same procedure. Interestingly, Fig. S4 revealed a
relatively similar trend of biodegradation in unfiltered and filtered
media. Hence, it can be deduced that the residual surfactants in the
solution could play a more significant role in the phenomena (Zeng
et al., 2018). Although the mechanism was not completely under-
stood and multiple facets of molecular mechanisms are often
important, the effect of SDS on biodegradation of organic con-
taminants could be related to the solubilization of organic mole-
cules by the SDS association in the media, by turn would enhance
bioavailability to the cell (Fig. S6). On the other hand, SDS mono-
mers adsorbed on the surface of bacteria form admicelle, which
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would help organic contaminants directly available to the cells
(Zeng et al., 2018). Also, adsorbed monomers could improve the
hydrophobicity of the cell surface or replace some less hydrophobic
surface protein. Residual SDS degradation study is currently
underway.

The decrease in biodegradation with an increase in chlorine
substitution of phenol was also observed, might be related to
increased cell toxicity; however, detail of such a study is beyond the
scope of this report.
4. Conclusion

In this study, the collection of hydrophobic organic pollutants
and removal of suspended particles by in situ coated SDS on Keggin
Al30 was investigated. Taking into account the fact that the sorbing
nature of nanocluster flocculates (with spots of positive charge)
provide a conducive adsorption substrate for compounds like SDS,
such that the dissolved organic removal assay on a simple Al30
coagulation system was improved in the presence of SDS.

In situ coated surfactant on the fresh coagulum of nanocluster
was formed by adding the Al30 solution into the SDS solution far
below CMC (pre-CMC). The formed flocculates were finally
precipitated/sediment and easily separated from the aqua media.
SDS-Al30 was confirmed to have hydrophobic nature nearly corre-
sponding 1-octanol. As a result, most of the organic compounds
that had scarcely been removed by the mare coagulation were well
incorporated into SDS-Al30, depending on their hydrophobicity (Ko/

w). The method was also applied to remove representative large
suspended particles, which obeyed the Brownian motion. In
contrast, the Post-CMC media undergo configuration eversion, and
less advantageous due to more effluent SDS. These observations
strongly suggest the applicability of the proposed method, as
entrapper for hydrophobic compounds, and ladder for large sus-
pended particles. Furthermore, the use of effluent SDS as auxiliary
material to enhance biodegradation of residual pollutants from the
effluent by bacterial action, will make this application safer and
more widespread.
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