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a b s t r a c t

To remove natural organic matter (NOM) from water, magnetic permanently confined micelle arrays
(Mag-PCMAs) were synthesized by coating the surface of Fe3O4 particles with a silica/surfactant
mesostructured hybrid layer. An environmental scanning electron microscope (ESEM) was used to char-
acterize the particle size and surface morphology of the Mag-PCMAs. The zeta potential was used to
assess the surface charge. Batch experiments were performed to investigate the adsorption of NOM by
Mag-PCMAs. It was determined that NOM removal efficiency by Mag-PCMAs could be as high as 80% at
a wide range of initial pH values (∼6.0–10.0). The adsorption isotherm was fitted well by a Langmuir
dsorption
agnetic adsorbent

urfactant
ater treatment

model. Although Fe3O4 had a high positive charge and Mag-PCMAs a small negative charge, Mag-PCMAs
had a higher removal efficiency of NOM than uncoated Fe3O4 particles (which are also magnetic), which
indicated that the adsorption of NOM onto Mag-PCMAs was not dominated by electrostatic interactions.
Possible mechanisms of the adsorption of NOM onto Mag-PCMAs were hydrophobic interactions and
hydrogen bonding. It was feasible to reuse Mag-PCMAs after regeneration. These results indicate that

attrac
Mag-PCMAs can be very

. Introduction

The presence of natural organic matter (NOM) in water sources
s an important issue [1,2]. NOM affects water quality, such as color,
aste and odor. NOM not only reacts with disinfectants to produce
isinfection by-products (DBPs) harmful to human health [3–7],
ut also leads to the fouling of filters and membranes, reducing
he efficacy of some advanced water treatment process [8–15]; the
resence of NOM in solution also has a stabilizing effect on the
ispersion of some potentially hazardous nanoparticles in water,
hich enhances the mobility of those nanoparticles and poses
otential threat to the environment [16,17]. In addition, NOM could
nhance the transport of some persistent organic pollutants such
s polycyclic aromatic hydrocarbons (PAHs) to aquatic organisms
18]. Adding to this concern, a recent study found that NOM con-
entrations have increased over the past decade in many streams,
ncluding some sources for drinking water [19]. Therefore, the
evelopment of technologies to remove NOM from water is of great
mportance.
The removal of NOM from aqueous media has been widely

nvestigated [20–33]. Current options for NOM removal include

∗ Corresponding author. Tel.: +1 805 893 7548; fax: +1 805 893 7612.
E-mail addresses: hwang@bren.ucsb.edu (H. Wang), keller@bren.ucsb.edu
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304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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tive for the removal of NOM from aqueous matrices.
© 2011 Elsevier B.V. All rights reserved.

ozonation and other advanced oxidation [20–24], coagulation
[25,26], ion exchange [27], biodegradation [23], membranes
[20,21,24], and adsorption [28]. A great variety of adsorbents have
been investigated to remove NOM from water, including activated
carbon [28], granular ferric hydroxide [30], iron oxide [31], and
some novel nanoparticles such as carbon nanotubes [32,33] and
TiO2 [34]. Among these adsorbents, activated carbon has been
widely used. However, the major drawback of activated carbon is
the high operating cost.

In recent years, magnetic particles have received a lot of
attention as powerful adsorbents because their inherent super-
paramagnetic properties make them desirable for magnetic field
assisted separations [35–38]. For instance, magnetic iron oxides
(Fe2O3 and Fe3O4) have been reported as effective adsorbents for
the removal of pollutants from the aqueous media [12,39–41].

In consideration of the fact that the surface characteristics of
adsorbents are very important to the adsorption process of NOM,
it is possible to modify the surface of adsorbents to enhance the
adsorption process. For example, coated Fe3O4 magnetic particles
were found to be highly efficient in the removal of NOM, heavy
metals and microcystins from water [42–44]. These functional-
ized adsorbents, which possess a modified surface and a magnetic

core, have provided a good option to remove pollutants such as
NOM from aqueous environment. Since sorption of organics can be
enhanced by the coating of surfactants onto the sorbent [45,46], in a
previous study [47], we synthesized Mag-PCMAs, with a magnetite

dx.doi.org/10.1016/j.jhazmat.2011.07.093
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hwang@bren.ucsb.edu
mailto:keller@bren.ucsb.edu
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Fig. 1. (A) Conceptual structure of the Mag-PCMA particles (adapted from [47]), not to scale; (B) environmental scanning electron micrograph of synthesized Mag-PCMAs
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ndicating their shape, size and surface smoothness; and (C) transmission electron
s around 15–20 nm thick.

ore and a silica porous layer that permanently confines surfactant
icelles within the mesopores. The sorption of four representative

ydrophobic organic compounds (HOCs) showed that Mag-PCMAs
ere effective sorbents and they could be regenerated.

The objective of this study was to determine the effectiveness of
ag-PCMAs to remove NOM from water. Given that the structure

f NOM is quite different from the HOCs used in the previous study,
his work can widen the application of Mag-PCMAs for the removal
f organic pollutants from water. The microenvironment of the
nteractions between the mesoporous layers of the Mag-PCMAs and
he multiple binding sites on NOM make it a significant study for
orbents in complex chemical environments, such as water treat-
ent.

. Materials and methods

.1. Chemicals

Standard Suwannee River NOM was obtained from the Inter-
ational Humic Substances Society (IHSS, St. Paul, MN, USA). The
omposition and molecular weight of this NOM were reported by
yung et al. [17]. All aqueous solutions were prepared using deion-

zed (DI) water (Barnstead). NOM stock solution (400 mg/L) was
repared by mixing a known amount of NOM with DI water for
4 h. The pH of the stock solutions was then adjusted to 8 with
aOH. The solution pH was adjusted using 0.1 M and 0.01 M NaOH
nd HCl to attain the desired pH value and was measured using an
akton pH meter (Ion 510 series). Tetramethylammonium hydrox-

de (TMAOH) (25 wt.% in water), tetraethyl orthosilicate (TEOS), and
3-(trimethoxysily)propyl]-octadecyldimethyammonium chloride
TPODAC) (72 wt.% in methanol), a cationic surfactant, were
urchased from Sigma–Aldrich (San Louis, MO). The molecular
tructure of TPODAC is:
The preparation of other chemicals and solutions can be found
n [47].
graph of synthesized Mag-PCMAs showing the silica mesoporous structure, which

2.2. Synthesis of Mag-PCMAs

The synthesis process of Mag-PCMAs is presented in [47]. Briefly,
by means of cooperative assembly of silica oligomers and TPO-
DAC on the Fe3O4 particles, the Mag-PCMAs were prepared with
a core–shell structure. The structure of Mag-PCMAs is illustrated
in Fig. 1a. In the synthesis process, the reaction (stirring) time was
3 h instead of 6 h, because our optimization experiments indicated
that this time was sufficient for the coating process, and other
researchers also indicate that too much coating with silica reduces
the magnetic strength, and increases the particle size [49].

2.3. ESEM observation

Electron microscopic images were analyzed by an environ-
mental scanning electron microscope (ESEM) (Philips Electron
Optics, Eindoven, The Netherlands) using an accelerating voltage
of 3.00 kV.

2.4. Zeta potential measurements

The zeta potential was measured by a Malvern Zetasizer (Nano-
ZS; Malvern Instruments, Southborough, MA). The concentration of
NOM was 20 mg/L, and the Mag-PCMA concentration was 200 mg/L
for the zeta potential measurement. The pH range was from 5 to
10. At each pH, the zeta potential was measured three times and
averaged. All of the other data in this study are also the average of
triplicate samples.

2.5. Batch experiment for NOM adsorption

The NOM adsorption kinetics was determined by batch exper-
iments. Aliquots (2 mg) of Mag-PCMAs were mixed with 10 mL
of NOM solution in 20 mL glass tubes. The initial NOM concen-
tration was 20.0 mg/L in all cases (mass concentration). All NOM

concentrations in this study are mg/L as NOM (not mg/L as C). The
tubes were shaken in an end-over-end shaker on a Dayton-6Z412A
Parallel Shaft roller mixer with a speed of 70 rpm at 22 ± 2 ◦C contin-
uously. One tube was taken out to measure the NOM concentration
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The higher removal by Mag-PCMAs compared to uncoated
Fe3O4 indicates that the adsorption of NOM onto the surface of Mag-
PCMAs is not dominated by electrostatic interactions, because the
58 H. Wang et al. / Journal of Haza

t the end of each 10 min, 30 min, 1 h, 3 h, 4 h, 5 h, 6 h, 12 h, 18 h,
1 h, 23 h, 25 h, 27 h, 30 h, 48 h, 50 h, 52 h, 54 h, 72 h, 76 h, 90 h,
nd 93 h. Then the Mag-PCMAs and uncoated Fe3O4 particles with
dsorbed NOM were separated from the mixture with a permanent
and-held magnet. The NOM concentration was monitored by mea-
uring the absorbance of UV at 254 nm (Shimadzu BIOSPEC-1601
V/Vis spectrophotometer, Kyoto, Japan) using a 1 cm quartz cell.
V254 is widely used as a surrogate for NOM concentration [17],
lthough it does not reflect all DOC, since UV254 only measures
V-absorbing (i.e., aromatic-rich) NOM our preliminary results also

howed a good correlation of NOM mass concentration with UV254
R2 = 99.97). Calibration were also performed after some adsorption
ests under different water quality and mixing conditions, which
onfirmed that TOC and UV254 exhibited the same trend after treat-
ent. The supernatant (3.5 ml) was taken for NOM concentration

nalysis. The amount of NOM adsorbed onto Mag-PCMAs was cal-
ulated as the difference between the initial and final NOM mass in
he aqueous phase.

To prepare the NOM adsorption isotherms, solutions with
arying initial NOM concentrations were treated with the same
rocedure as above at room temperature (22 ± 2 ◦C). The equi-

ibration time was 48 h uniformly, which was determined to be
ufficient for NOM adsorption equilibrium to be reached. The NOM
oncentrations ranged from 2 mg/L to 80 mg/L, and the Mag-PCMAs
oncentrations were 200 mg/L, 400 mg/L and 600 mg/L, respec-
ively.

The solid-phase concentrations were determined by mass bal-
nce, according to Eq. (1):

e = V ∗ (C0 − Ce)
M

(1)

here C0 and Ce is the initial and equilibrium concentration of
OM in the liquid phase (mg/L), respectively, qe is the equilibrium
oncentration of NOM adsorbed on the unit mass of Mag-PCMAs
mg/g), V is the volume of solution, and M is the mass of dry Mag-
CMAs (g).

.6. Regeneration and reuse of Mag-PCMAs

To investigate the ability of regeneration and reuse of Mag-
CMAs, 20 mg/L NOM was used with the same adsorption process,
ollowed by separation of the Mag-PCMAs from solution by magnet.
he residual NOM adsorbed on the Mag-PCMAs was extracted with
ethanol. The concentration of NOM in the presence of methanol
as determined by measuring the absorbance of UV at 301 nm,
here the absorbance of methanol was zero. Our preliminary

esults also indicated a good correlation of NOM mass concentra-
ion with UV301. After regeneration, the Mag-PCMAs were reused
or the removal of NOM. When the particles were reused after
egeneration, there was no methanol carryover and absorbance at
54 nm. The processes of regeneration and reuse were repeated for
cycles.

. Results and discussion

.1. Characterization of Fe3O4 and Mag-PCMAs

The ESEM images of Mag-PCMAs are presented in Fig. 1b. The

hapes of uncoated particles (raw Fe3O4) were diverse, includ-
ng round-shape, rod-shape and irregular-shape, and the sizes of
gglomerates for those uncoated particles varied. However, the
izes and shapes of Mag-PCMAs were comparatively more homo-
eneous than Fe3O4. The average size of Mag-PCMAs particles was
–3 �m for round shaped particles (Fig. 1b).
Fig. 2. Zeta potential as a function of pH.

3.2. Zeta potential

The zeta potential in the initial pH range of 5 to 10 is presented
in Fig. 2 for a NOM solution, uncoated Fe3O4, Mag-PCMAs in DI
water, and Mag-PCMAs in the presence of 0.01 M NaCl. In this pH
range, the zeta potential of the NOM solution was negative (−21
to −38 mV), and the zeta potential of uncoated Fe3O4 particles
was positive (25–62 mV over the measured pH range). The Mag-
PCMAs possessed a much lower zeta potential than the uncoated
particles (−17–3 mV). The decrease of zeta potential indicates the
formation of anionic negatively charged surface complexes on the
Mag-PCMAs. The point of zero charge (PZC) for Mag-PCMAs was
determined to be less than 5.18, with a net negative charge in solu-
tion above this pH. To investigate the influence of ionic strength
on the zeta potential of Mag-PCMAs, 0.01 M NaCl was added to the
Mag-PCMAs solution. The increase in ionic strength had a small
effect on the zeta potential of Mag-PCMAs, slightly increasing the
negative charge on these particles at lower pH.

3.3. Adsorption kinetics of NOM onto Mag-PCMAs

Mag-PCMAs are much more effective in removing NOM than
the uncoated Fe3O4 particles (Fig. 3). NOM removal by Mag-PCMAs
exceeds 80%, although the adsorption time is long. In contrast with
the removal efficiency of NOM by some other technologies, this
removal rate is comparatively high. For example, one study showed
that the NOM removal rate by coagulation is typically 35% and
could be increased to about 45% with an optimum pH of 5.2 [50].
Another study indicated that when the integration of coagulation
with ultrafiltration was used, NOM removal was less than 67% [51].
Fig. 3. NOM adsorption kinetics: comparison of Mag-PCMAs and Fe3O4 in NOM
removal.
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eta potential of Mag-PCMAs was much lower and negative than
or the uncoated positively charged Fe3O4 particles (Fig. 2). One
ikely adsorption mechanism is hydrophobic interaction between
he confined micelles and NOM. As is well known, NOM consists
f both hydrophobic and hydrophilic regions [52]. This hetero-
eneity makes it possible for the hydrophobic fraction of NOM
o attach onto the Mag-PCMAs through hydrophobic interactions.
nother possible mechanism is hydrogen bonding, which results

rom the combination of hydrophilic functional groups in NOM and
he hydrophilic head of the surfactant. For example, there is possi-
ility that the carboxylic groups on NOM can interact with oxygen
n 3-(trimethoxysily)propyl via hydrogen bond:

It should be noted that each TPODAC molecule can provide 3
ositions (oxygen) to combine with NOM to form hydrogen bond,
hile here we only illustrate one. Still another mechanism might be

he entanglement of NOM in the mesopores which makes it difficult
o come out. The entanglement of NOM is due to its abundant func-
ional groups and complex molecular structure, which has been
eported elsewhere [48,52,53]. The surface coating of Fe3O4 facil-
tated these interactions, thus improved the adsorption ability of

ag-PCMAs.
Although Mag-PCMAs resulted in high removal of NOM, the

ime for equilibrium was long. The proposed explanation for
his phenomenon is the high molecular weight of NOM which
esults in a lower diffusion rate into the confined micelle and a
onger attachment process. In addition, if hydrophobic interactions
re the main process, these are weaker forces than electrostatic
nteractions such as the case with anion exchange. In our previ-
us study, it was determined that the mesostructured layer was
pproximately 100 nm [47]. On the other hand, the NOM used in
his study has a molecular mass (weight-average, Mw) of about
8,700–33,200 g/mol, or a hydraulic radius of about 20–90 nm [54].
hese large macromolecules may take a long time to attach to the
uter surface of the mesostructured layer of Mag-PCMAs, and then
nteract with the surfactant within the layer. In addition, due to the
ize and composition of mesostructured layer, the entanglement of
OM within the layer also needs sufficient time.

Besides diffusion through the micelles and attachment, NOM
as to diffuse from the liquid phase through a boundary layer to the
xterior of Mag-PCMAs. As the first step in the adsorption process,
he diffusion through the boundary layer may be accelerated by
gitation which reduces the thickness of boundary layer. To inves-
igate the effect of agitation (via mixing) on adsorption, a vortex
Vortex Genie 2, Scientific Industries Inc., Bohemia, NY, USA) was

sed instead of a roller. When the vortex was set at intensity “2”,
OM removal was almost 70% within 1 h (Fig. 4). A method blank

ample with [NOM] = 20 mg/L in the absence of Mag-PCMAs was
ortexed for 16 h, but there was no removal at all (data not shown

Fig. 4. NOM removal as a function of vortex time.
Fig. 5. NOM adsorption isotherm.

in this figure). This result indicates that mixing power can acceler-
ate the adsorption of NOM by Mag-PCMAs, probably by reducing
the thickness of the boundary layer.

3.4. Adsorption isotherms of NOM onto Mag-PCMAs

The adsorption behavior of NOM onto Mag-PCMAs at three dif-
ferent sorbent dosages is presented in Fig. 5. The Langmuir and
Freundlich isotherm models have been used to describe NOM
adsorption onto iron oxides surfaces [31]. In this study, both Fre-
undlich and Langmuir models were considered for the evaluation
of the experimental results. It was found that Freundlich model
could only be used for low NOM concentrations, while the Lang-
muir isotherm model was adequate for the entire range of NOM
concentrations considered.

The Langmuir model is described by the following equation:

qe = qm
bCe

1 + bCe
(2)

where qe and Ce are the same with those in Eq. (1), qm (mg/g) and
b (L/mg) are the Langmuir coefficients.

The Langmuir isotherm fitting had a high regression coeffi-
cient (0.97–0.99). The corresponding Langmuir coefficients are
presented in Table 1. As seen in Fig. 5 and Table 1, the adsorp-
tion indicates a dependence on Mag-PCMAs dose. The maximum
adsorption capacity corresponding to complete monolayer cover-
age (qm) decreased with increasing adsorbent dose. From Fig. 5
the adsorption includes two stages: at lower Mag-PCMAs con-
centrations, the adsorption is linear, while at higher Mag-PCMAs
concentrations, the adsorption becomes asymptotic. This has been
observed by other studies which investigated the adsorption of
NOM by carbon nanotubes. The dose-dependent adsorption may
result from preferential adsorption due to the heterogeneity of
NOM [32].

3.5. Influence of pH on NOM adsorption

To investigate the influence of pH on NOM adsorption, a pH

range of 5–10 was studied (Fig. 6). It was shown that NOM removal
via Mag-PCMAs was almost independent of pH for the range from
6 to 9, altough there was a noticeable decrease in NOM removal
at a pH of 5. As indicated in Section 3.3 carboxylic and phenolic

Table 1
Langmuir model adsorption isotherm coefficients.

Mag-PCMAa (mg/L) qm (mg/g) b (1/mg) R2

200 286 0.229 0.98
400 87.7 0.626 0.97
600 53.8 0.67 0.99
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Fig. 6. pH influence on NOM removal by Mag-PCMAs.

roups may significantly contribute to the adsorption of NOM [55].
t pH > 6, both mechanisms (hydrophobic interactions and hydro-
en bonding) are likely to be ocurring, while at pH < 6 the carboxylic
roups are neutralized and thus this mechanism does not play an
mportant role. The results in Fig. 6 demonstrated that Mag-PCMAs
erformed well in a wide range of pH that is relevant for water
reatment.

.6. Regeneration and reuse of Mag-PCMAs

To invesigate the possibility of regenerate and reuse of Mag-
CMAs, methanol was used to extract the adsorbed NOM on
ag-PCMAs. Methanol is extremely polar and tends to interact
ith NOM via hydrogen bonding. It was found that the recovery

f adsorbed NOM onto Mag-PCMAs with methanol was high in 5
ycles of regeneration and reuse. In the first two cycles of regenera-
ion, the removal efficiency of NOM by Mag-PCMAs was decreased
rom 85% to 83%, although this efficiency was reduced to around
0% after that. No carryover was observed during 5 cycles of regen-
ration, demonstrating that it was feasible to regenerate and reuse
he Mag-PCMAs for the removal of NOM.

. Conclusions

Mag-PCMAs with a core–shell structure were used to effectively
emove a large percentage of NOM from water. Compared to Fe3O4
articles, Mag-PCMAs exhibited remarkable enhancement of NOM
emoval efficiency because of the coated silica–surfactant hybrid
ayer on the surface of Fe3O4 particles. The most likely mechanisms
f adsorption of NOM onto Mag-PCMAs are (1) hydrophobic inter-
ctions; (2) hydrogen bonding; and (3) entanglement of the NOM
n the surfactant micelles. Electrostatic interactions are less likely
o play a role for the removal of NOM by Mag-PCMA. If electrostatic
nteractions were at play, faster sorption would be observed, such
s in anion exchange. Also, the removal of 80–85% of the adsorbed
OM with a simple methanol wash indicates that hydrophobic

nteractions are most significant. The pH dependence of a certain
raction of the sorption indicates that hydrogen bonding is also
mportant, but only at higher pH when the carboxylic groups in
he NOM are deprotonated.

Mag-PCMAs achieve higher NOM removal than many other
pproaches, including coagulation and membrane filtration, with-
ut some of the undesirable side effects such as membrane
logging. They also avoid some of the issues associated with
ctivated carbon. The synthesis procedure is simple and the Mag-

CMAs with adsorbed NOM can be easily removed from water via
agnetic separation. Increasing the input energy can shorten the

ime needed for equilibrium. The Mag-PCMAs perform well in a
ide range of pH and can be regenerated and reused, although

[
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the NOM removal process would need shorter contact times than
used here, and the regeneration needs to be optimized further. It is
expected that the Mag-PCMAs will have potentially wide applica-
tion in the removal of NOM from water. In the future, it is important
to investigate possible competitive adsorption of NOM and other
pollutants such as minerals into the mesopores, or the coating of
NOM on the surface of minerals and their synergetic effect on the
adsorption process.
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