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Removal of humic acid (HA) from water by octadecyltrimethyl-ammonium (ODTMA) micelle–montmorillonite
(MMT) composites and by granulated activated carbon (GAC) was studied in dispersion and by filtration. FTIR
measurements emphasized that the ODTMA micelle–clay-mineral composite differs from the ODTMA
monomer-clay-mineral one. HA adsorption by GAC in dispersion was moderately reduced from 100% initially
to 75% with an increase in HA concentrations. In contrast, the fractions adsorbed by the composite increased
monotonically with HA concentrations from very low adsorption up to 80%. This effect was explained by the
presence of a small concentration of ODTMA monomers in dispersion, which adsorbed on the negatively
charged HA and partially neutralized it, or caused charge reversal, which in turn inhibited HA adsorption by
the positively charged composite. This effect was verified by mobility measurements and was found to be
more pronounced at low HA concentrations. This trend of increase in HA removal with an increase in HA con-
centration (3 and 10 ppm) was also observed in filtration (50% and 85% removal, respectively), when employ-
ing columns of the composite mixed with sand (to improve flow). Throughout the experiment the removal of
high HA concentration (10 ppm) by the composite filter remained ~80% whereas, the removal by the GAC filter
decreased from an initial 80% removal to a complete recovery of the HA (no removal) after the passage of 20 L
(200 pore volumes). Upon applying sand of higher quality in the columns the removal of low HA concentrations
was nearly complete by the composite column while the GAC only slightly contributed to its removal (for a
passage of 100 L (1000 pore volumes)).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Dissolved organic matter (DOM) is ubiquitous in aquatic systems
(1–10 ppm) and encompasses a wide range of biogeochemical sub-
stances (Frimmel and Christman, 1988; Frimmel et al., 2002; Spitzy
and Leenheer, 1991). DOM mostly consists of humic (HA) and fulvic
acids (FA) which are characterized by large molecular size and weight
(molecular weight (MW) ca. 2–100 kDa). These large molecules ex-
hibit a tendency to form complexes and aggregates with even higher
MWs and can be easily distinguished from smaller organic pollutants
(xenobiotics). DOM possesses amphiphilic properties; these complex
molecules are both rich in acidic groups (carboxylic acids) encom-
passing hydrophilic properties, but also include distinct hydrophobic
regions depending on the occurrence of aliphatic and aromatic moie-
ties (Kordel et al., 1997; Schaumann, 2006; Spitzy and Leenheer,
1991; Yee et al., 2006).

DOM removal from drinking water is desirable because of its:
(a) color, taste and odor; (b) interference with water treatment

processes; (c) source of biological food which forms biofilms in water
pipes; (d) reacts with Cl2 to form disinfection by-products (trihalo-
methanes) and (e) its complexation with heavy metals, pesticides and
organic pollutants. Therefore, regulatory levels of DOM in drinking
water in the US are b80 μg/L. The significant role DOM plays in binding
pollutants has long been recognized (Burkhard, 2000; Chen et al., 2010;
Chiou et al., 1986; Frimmel and Christman, 1988; Rav-Acha andRebhun,
1992). Furthermore, it is well-known that DOM disturbs flocculation
processes and decreases the effectiveness of granulated activated car-
bon (GAC) in removing organic pollutants from water (Ernst et al.,
2000; Sharma et al., 2009; Zadaka et al., 2009). Pollutants exhibit higher
mobility and a decreased adsorption to solid surfaces in the presence of
DOMorHA (Chen et al., 2010; Chiou et al., 1986; Ilani et al., 2005; Kordel
et al., 1997; Rav-Acha and Rebhun, 1992; Williams et al., 2005). This
phenomenon is a result of: (a) enhanced solubility of organic contami-
nants in the aquatic medium due to HA-pollutant complex formation
or (b) competitive adsorption on binding sites. For these reasons, the
removal of DOM by adsorption to different adsorbents is of major im-
portance in water treatment technologies. In this study the main objec-
tive was to study the adsorption of HA (a model DOM molecule) on a
micelle–clay adsorbent and compare the performance of the composite
to that of GAC by applying batch and column filtration experiments
focusing on drinking water.
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Previous researchers have reported on the adsorption of HA on a
range of mineral surfaces and indicated that the adsorption is due
to specific and electrostatic interactions (Majzik and Tombácz,
2007; Murphy et al., 1992; Önkal-Engin et al., 2000; Vermeer and
Koopal, 1998; Vermeer et al., 1998; Wang and Xing, 2005; Wibulswas
et al., 1998). These interactions are significantly influenced by pH and
ionic strength; at relatively high pH and low salt concentrations the
adsorption is inhibited due to the electrostatic repulsion between
the negatively charged clay minerals and the HA (or DOM)molecules.
At low pH and high salt concentration, especially in systems with
multivalent cations, the adsorption is enhanced. Recently, a few studies
have reported on the removal of HA by modified and pillared clay
minerals (Jiang and Cooper, 2003; Önkal-Engin et al., 2000; Wibulswas
et al., 1998). Önkal-Engin et al. (2000) studied the removal of HA by
synthetic hydrotalcite, hydrotalcite-like compounds, calcined hydrotal-
cites andmodified forms ofmontmorillonite and showed that surfactant
treated montmorillonite was the best adsorbent. Jiang and Cooper
(2003) replaced the natural interlayer cations of montmorillonites
with polymeric Al/Fe species and concluded that the removal of humic
substance was in the order of: polymeric Fe/Al-modifiedNpolymeric
Al-modifiedNpolymeric Fe modifiedNunmodified clay mineral.

In the current study we characterized the adsorption of HA and
DOM by a micelle-montmorillonite (MMT) composite and by GAC
in batch and filtration experiments.

The micelle–MMT composite is fabricated by adsorbing ODTMA at
a concentration above its critical micelle concentration (CMC) i.e., as
micelles on MMT. We have characterized this composite by applying
adsorption isotherms, dialysis bag measurements, XRD, fluorescent
and microscopy studies (Mishael et al., 2002b, 2003). More recently
we have reported the change in electro-kinetic mobility of the clay
mineral (from negative to positive) upon the adsorption of ODTMA
monomers and micelles but to a much higher degree in the later case
(Zadaka et al., 2010). A study on the binding of anionic herbicides by
these composites indicated that the micelle–clay mineral composite
has different and superior properties from the monomer-clay mineral
composite (Mishael et al., 2002b). Themicelle–MMT composite is ideally
suited for the adsorption of anionic organic molecules as demonstrated
by the removal of several antibiotics (Polubesova et al., 2006). The
removal of antibiotics by a filter which included GAC was much less
favorable than by a filter which included the micelle–MMT composite,
and was further impaired in the presence of the DOM components
FA and HA.

In this study we further characterized the ODTMA–MMT composite
by conducting FTIR measurements, which strengthened our previous
results that the monomer and micelle composites are of a different
nature. The adsorption of HA and DOM by the micelle–MMT composite
and by GAC was studied by dispersion and filtration experiments.
Enhanced and very efficient removal of HA by the micelle–MMT com-
posite in the filtration experiments was demonstrated.

2. Materials and methods

2.1. Materials

Wyoming Na-montmorilonite (MMT, SWy-2) was obtained from
the Source Clays Repository of the Clay Mineral Society (Columbia,
MO); cation exchange capacity (CEC) and specific surface area were,
76.4 meq/100 g and 756 m2/g. Octadecyl-trimethyl-ammonium-
bromide (ODTMA) and humic acid (HA) were purchased from
Sigma Aldrich (Stenheim, Germany). DOM was purchased from IHSS
(International Humic Substance Society) and granular activated carbon
(Hydraffin 30 N — 0.5–2.5 mm, 900 m2/g) was purchased from Bench-
mark Ltd. (Israel). Quartz sand (grain size 0.8–1.5 mm) was first pur-
chased from Negev Industrial Minerals and later from Shoshani &
Weinstein (Israel).

2.2. Methods

2.2.1. Micelle–clay mineral (ODTMA–MMT) composite preparation
Preparation of the micelles-clay mineral composites was essen-

tially as in Polubesova et al. (2005, 2006). The micelle–clay mineral
composite was prepared in a 10 L container; a solution of ODTMA
micelles (47.1 g in 10 L) was prepared and to that solution MMT
was added to receive a final concentration of 10 g/L MMT. The MMT
and micelles were then vigorously mixed for three days. The mixture
was left to settle and then separated by centrifugation at a rate of
10,000 rpm for 20 min. The precipitate was freeze dried and thinly
ground in a mortar and pestle.

2.2.2. FTIR measurements
FTIR spectroscopy was used to examine the interactions of ODTMA

with the MMT surface both as monomers (at loadings of 30% and 90%
of the CEC) and as micelles (at loadings of 100% and 150% of the CEC).
The monomer ODTMA–MMT composites were prepared by mixing
0.048 mM ODTMA monomers with 0.2 g/L clay mineral covering
30% of the CEC and 0.25 mM ODTMA with 0.3 g/L MMT solution cov-
ering 90% of CEC. The micelle ODTMA–MMT composites were pre-
pared by mixing 1.36 mM of ODTMA with 1.7 g/L MMT dispersion
reaching a loading equal to 100% of the CEC and 12 mM of ODTMA
with 10 g/L MMT reaching a loading corresponding to 150% of the
CEC (0.47 g ODTMA/g MMT).

Infrared spectra were obtained from composite mixed with KBr
pellets, using a FTIR spectrometer (Nicolet Magna-IR-550, Madiso WI).
The FTIR spectra of ODTMA, MMT and of composites of ODTMA–MMT
in which the surfactant was adsorbed as micelles and as monomers,
were recorded at room temperature in the range of 2400–3600 cm−1.

2.2.3. Adsorption of HA or DOM by the micelle–clay mineral composite,
or by GAC

Batch experiments were carried out in 250 mL centrifuge tubes.
The ODTMA–MMT composite (15 g/L) or GAC (5 g/L normalized to
the amount of ODTMA micelles w/w) were added to solutions of HA
or DOM (0.5–20 ppm). The pH was found to rise slightly from 7.45
to 7.8 when HA concentration was increased from 0.5 ppm to
20 ppm, respectively. The samples were continuously agitated for
2 h (reaching equilibrium). The supernatants were separated by cen-
trifugation at 10,000 rpm for 20 min, measured by UV–vis spectro-
photometer (Thermo Scientific, Evolution 300, Waltham, MA, USA)
at 254 nm, and the adsorbed concentration was calculated.

2.2.4. Mobility measurements
A Zetasizer Nanosystem (Malvern Instruments, Southborough,

MA) was used to monitor the electrophoretic mobility (μmcm/Vs)
of HA (3 ppm) in the presence of ODTMA monomers (0–0.1 mM). In
addition, electrophoretic mobilities of HA (1–10 ppm) and of super-
natants of HA (1–10 ppm) pre-incubated with the ODTMA–MMT
composite (15 g/L) were determined. Finally, MMT (15 g/L) was
added to these supernatants for 2 h, then centrifugation was applied
and the mobility of the particles in the new supernatants was
measured.

2.2.5. HA or DOM removal by filtration with composite and GAC filters
Column filter experiments were performed at a concentration

of 3.3 ppm DOM and two concentrations of HA (3 and 10 ppm). The
experiments were carried out in glass columns of 25 cm in length
and of 5 cm in diameter. The composite was mixed with excess quartz
sand which was necessary in order to enable the high flow through
the column. The sand was thoroughly washed in distilled water and
dried at 105 °C for 24 h. The columns were filled with 627 g sand
mixed with 6.5 g of composite (2 g of ODTMA) (1:100 w/w) or with
a layer of 2 g of activated carbon (equal to the amount of ODTMA).
The bottom of the columns was covered by 2 cm layer of quartz
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sand. Non-woven polypropylene geo-textile filters (Markham Cul-
verts Ltd., Papua New Guinea) were placed on both ends of the col-
umn to prevent exit of the sand and the composite from the
column. The flow rates applied were 30 mL/min and 50 mL/min.
50 L of the stock solution was passed through the filters. The eluting
solutions were collected for analysis by UV–vis spectrophotometer.

An additional filtration experiment under the same conditions
expressed above was carried out applying different sand (from
Shoshani and Weinstein (Israel)) and 100 L of stock solution was
passed through each filter.

3. Results and discussion

3.1. Characterization of the ODTMA–MMT composites by FTIRmeasurements

ODTMA–MMT composites have been extensively studied and
characterized by applying adsorption isotherms, dialysis bag mea-
surements, XRD, florescent and microscopy studies (Mishael et al.,
2002a, 2003) and by measuring mobilities (Zadaka et al., 2010).
Here we present the first report of the FTIR spectra of ODTMA
adsorbed on MMT as monomers and as micelles. FTIR spectra of
MMT, ODTMA, and ODTMA–MMT composites both as monomers (at
loadings of 30% and 90% of the CEC) and as micelles ( at loadings of
100% and 150% of the CEC), in the range of 3600–2400 cm−1 were
obtained (Fig. 1). The MMT spectrum showed a characteristic peak
at 3440 cm−1 for H–O–H hydrogen-bonded water, whose area was
reduced upon the formation of ODTMA–MMT composites due to the
release of water molecules from the clay mineral surface upon surfac-
tant adsorption. The two characteristic bands of ODTMA between
2800 and 3000 cm−1 in the spectra correspond to CH2 or CH3 stretch-
ing vibrations (Russell and Farmer, 1964). The ODTMA spectrum also
showed a distinct peak at 3030 cm−1 which corresponds to the
asymmetric stretching mode of the methyl groups attached to the
positively charged amine group. Upon ODTMA adsorption as micelles
(at loadings of 100 and 150% of the CEC) the peak at 3030 cm−1

appeared (increased with loading), since when adsorption was as
micelles not all head-groups interacted with the surface; and many
were exposed to the solution. This peak was not observed for the
adsorbed ODTMA monomers at a loading of 30% of the CEC on ac-
count of the electrostatic bonds formed between the MMT and the
ODTMA monomer; in this configuration the hydrophilic part of the
ODTMA was not exposed and therefore was not detected in the FTIR
spectra (Kawai et al., 1985). At the higher ODTMA loading (90% of
the CEC) a slight peak appeared at this vibration which may be

attributed to the adsorption of two cations on the same site (Mishael
et al., 2002a, 2002b; Rytwo et al., 1995), such that one cation interacts
directly with the surface and the other cation interacts with the neu-
tral clay–cation complex.

These FTIR results emphasize the importance of micelle loading on
the conformation and stability of the composites. Consequently, the
ODTMA–MMT (150% CEC) was chosen for the removal of HA or
DOM favoring both the stable hydrophobic region and a positive net
charge.

3.2. Adsorption of HA or DOM by the micelle–clay mineral composite, or
by GAC

In the first stage, HA adsorption (0.5–20 ppm) by the micelle–clay
mineral composite ODTMA–MMT (15 g/L) was studied and compared
to its adsorption by granulated activated carbon (GAC). The results
(Fig. 2) also show the adsorption of DOM by the composite, which
supports the assumption that a study of removal of HA from water
can shed light on the removal of DOM. The adsorption of HA on
MMT alone was also tested; no adsorption was detected under
these conditions.

In the case of GAC the adsorbed fraction of HA was moderately
reduced from 100% at an initial HA concentration of 0.5 ppm down
to 75% at 20 ppm of HA. In contrast, the adsorption fractions of HA
and DOM by the composite increased with an increase in their con-
centrations. An increase in adsorption upon an increase in adsorbent
concentration is surprising. The experiments presented support the
hypothesis that this unusual pattern is due to the presence of mono-
mers of the organic cation (ODTMA) in the composite dispersion,
which bind to the HA (or DOM) and neutralize, or even cause charge
reversal on these organic surfaces. Consequently, HA or DOM with
bound ODTMA monomers were inhibited from being adsorbed by
the positively charged composite. This effect was expected to be
more pronounced at low concentrations of HA, or DOM and became
insignificant at their higher concentrations (10–20 ppm).

3.3. Mobility measurements of HA

In order to test the hypothesis that ODTMA monomers adsorb to
HA in dispersion the mobility values of HA (3 ppm) in the presence
of ODTMA at concentrations ranging from 0.005 mM to 0.1 mM
were monitored. The upper value was 3-fold below the CMC of
ODTMA (Fig. 3).

The mobility of the HA (without ODTMA) was negative
(~ −1.2 μm cm/Vs) as also reported in previous studies (Fairhurst
et al., 1995; Kretzschmar et al., 1998; Rashid et al., 1972; Zhang and
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Bai, 2003). It was evident that at very low ODTMA concentrations
(0.005–0.01 mM) the mobility of HA remains negative, whereas at
an ODTMA concentration above 0.05 mM the HA mobility was posi-
tive. One would expect that HA (or DOM) molecules whose external
surface was positively charged (due to ODTMA adsorption) would
have low adsorption affinity to the positively charged composite.
Also, the concentration of ODTMA monomers at which the mobility
of HA molecules may become positive, i.e., ~0.02 mM is a very small
fraction (1/600) of total ODTMA concentration in the composite
(Fig. 2), which was 12 mM.

This theme was further emphasized by measuring (a) mobility
of HA (b) the supernatant of HA adsorbed to the composite and
(c) the supernatant of HA pre-incubated with the composite after
addition of MMT (Fig. 4). The mobility of HA (case a) was negative,
which reflects the negative charge of HA. In case b, the mobility was
determined for the supernatant including a solution of HA that did
not adsorb to the composite. The results demonstrated that un-
adsorbed HA was indeed positively charged, which supported the
hypothesis that ODTMA monomers were bound to the un-adsorbed
HA. Furthermore, upon adding MMT to the un-adsorbed HA (with
bound ODTMA monomers) and applying centrifugation, the mobility
of the HA molecules in dispersion resumed a negative value (case c).
Due to the presence of negatively charged MMT at a concentration in
large excess over that of HA (in the supernatant) the ODTMA mono-
mers dissociated from HA molecules and adsorbed on the clay MMT
platelets. Hence, the surfaces of HA molecules became negatively
charged again, as in case a, Fig. 4.

Release of organic cations from cationic micelle–clay complexes in
column-filters for water purification may pose a problem. However, a
previous study by Zadaka et al. (2005) showed that this problem can
be completely solved by adding quartz–clay layers at the bottom of
the filters, or in large scale filtration systems by addition in series of
another filter with clay mixed with excess sand (e.g. 1:150 w/w). Fur-
thermore, in the same study the release of ODTMA cations from the
composites was ultimately negligible, meaning, the concentration of
ODTMA released was within the experimental uncertainty (Zadaka
et al., 2005).

3.4. Filtration of HA

The removal of HA/DOM from water (solutions of 3.3 or 10 ppm)
was studied by laboratory scale filters including the ODTMA–MMT
composite or GAC mixed with sand (Fig. 5). The removal of HA by a
control filter filled with sand (100%) was negligible in the case of
the sand used in this experiment.

For a HA concentration of 10 ppm , the laboratory filters, which
included just 6.5 g of composite (i.e., 2 g of ODTMA) yielded an average
removal of more than 85% of HA for a passage of 50 L at a flow rate of
30 mL/min ( ), which corresponds to a flow velocity of about 1 m/h.
An increase of the flow rate to 50 mL/min (1.5 m/h) ( ) resulted in
about 15% reduction in the average percent of HA removal.

At a HA (or DOM) concentration of 3.3 ppm and a flow rate of
50 mL/min the percentages of removal were reduced to about 50%.
The reduction in HA, or DOM adsorption at their lower concentrations
may be due to some association of HA/DOM with ODTMA monomers,
which reduced their adsorption to the composite, as was explained
for the results of adsorption in dispersion. Similar to the results in dis-
persion, the filtration results demonstrated that HA removal by the
composite was almost the same as that of DOM removal.

The removal of HA froman initial solution of 10 ppmby themicelle–
clay mineral filter was compared to its removal by a GAC filters for the
passage of 50 L (Fig. 6). The amount of GAC in the filter was the same
as that of ODTMA in the micelle–clay mineral filter.

The results demonstrate that HA (10 ppm) removal by the GAC
filters dropped to 20% after the passage of 15 L and reached zero
removal after the passage of 25 L. As previously demonstrated, HA re-
moval by the composite filters remained high ~85%. It is well known
that filtration through sandy aquifers removes DOM and therefore
the negligible contribution of the sand to the removal of HA was sur-
prising. Measuring the effluent from the sand column indicated that
the sand contained extremely high concentration of sulfur; approxi-
mately 600 ppm (mainly as SO4

2−). The divalent anion at such high
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concentrations competed with and interrupted the adsorption of HA.
Consequently, a higher quality sand was used in an additional
filtration experiment of HA (3.3 ppm) removal by the composite,
GAC and by control (sand) filtration columns (Fig. 7).

Indeed, HA removal by the sand was significant, emphasizing that
the GAC only slightly contributed to HA removal. In contrast, the
ODTMA–MMT filter showed complete removal even after the passage
of 100 L. The fact that the effect of the release of ODTMA monomers
was not noticeable in this specific experiment may be due to the con-
tribution of the sand to HA removal; the sand may have contributed
directly to the adsorption of HA or indirectly by adsorbing the re-
leased ODTMA monomers. It should be emphasized that despite the
cheap price of sand, it cannot be recommended as a sole filling mate-
rial in a filter for the purpose of removal of HA, since its amount in the
control filter was 300-fold larger than that of ODTMA.

4. Conclusions

The efficiency of HA removal by GAC was reduced as HA concentra-
tions increased. In contrast the ODTMA–MMT composite yielded in dis-
persion low adsorption at relatively small concentrations of HA, which
increasedmonotonically with increased HA concentrations. The release
of surfactant cations from the composite, whichwas previously demon-
strated as rather minimal, had large effect in neutralizing a fraction of

the negative charges of HAmolecules at low concentrations. This effect
was also observed in the initial column filtration experiments. How-
ever, with the use of different sand, this effect was eliminated; removal
of HA remained complete (100%) even after the passage of 100 L of
solution. The outcome of these filtration experiments implies that
the micelle–clay mineral filter is significantly more efficient and yields
larger capacity than the filter based onGAC in removingHA fromwater.
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Fig. 6. Removal of HA (10 ppm) from water by the ODTMA–MMT composite or GAC
filters with excess sand.
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Fig. 7. The removal of HA (3 ppm) from water by the ODTMA–MMT composite or GAC
filters with excess sand and sand alone.
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