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Abstract

The adsorption of methylene blue (MB) from an aqueous solution by polyacrylic acid-bound iron oxide magnetic
nanoparticles was studied. It was shown that the novel magnetic nano-adsorbent was quite efficient for the adsorption/
desorption of MB. In the aqueous solution of MB at 25 °C, the adsorption data could be fitted by the Langmuir
equation with a maximum adsorption amount of 0.199 mg/mg and a Langmuir adsorption equilibrium constant of
10.1 ml/mg. The adsorption capacity increased with the increase in solution pH (2-10) and the adsorption process was
endothermic in nature with an enthalpy change (AH) of 30.9 kJ/mol at 1040 °C. By using the methanol solution of
acetic acid, the adsorbed MB could be desorbed. In addition, it was notable that both the adsorption and desorption of

MB were quite fast and could be completed within 2 min due to the absence of internal diffusion resistance.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Effluents from the textile industries are impor-
tant sources of water pollution, because dyes in
wastewater undergo chemical as well as biological
changes, consume dissolved oxygen, and destroy
aquatic life. Moreover, some dyes and their degra-
dation products may be carcinogens and toxic.
Therefore, it is necessary to treat textile effluents
prior to their discharge into the receiving water.

Adsorption is a conventional but efficient tech-
nique to remove dyes from aqueous solutions.

* Corresponding author. Tel.: +886-6-2757575x62680; fax:
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Many kinds of adsorbents for various applications
have been commercialized or are developing [1-9].
In general, these adsorbents are highly porous
particles in order to ensure adequate surface area
for adsorption. However, the existence of intra-
particle diffusion may lead to the decreases in the
adsorption rate and available capacity, partic-
ularly for macromolecules. Therefore, to develop
an adsorbent with large surface area and small
diffusion resistance has significant importance in
practical use [10].

Magnetic nanoparticles have great applications
in the fields of high-density data storage, ferro-
fluids, magnetic resonance imaging, wastewater
treatment, bioseparation, and biomedicine [11-
17]. They meet the above requirements and can be
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easily recovered or manipulated with an external
magnetic field. Numerous types of magnetic
nanoparticles for various applications could be
tailored by using functionalized natural or syn-
thetic polymers to impart surface reactivity
[12,17-19].

Recently, we developed a novel magnetic nano-
adsorbent using iron oxide nanoparticles as cores
and polyacrylic acid (PAA) as ionic exchange
groups [18]. It possessed a high ion-exchange capa-
city and was quite effective for the enzyme recovery.
In this work, the PAA-bound iron oxide magnetic
nanoparticles were further used for the removal of a
basic dye methylene blue (MB). The influences of
experimental conditions such as MB concentration,
pH, temperature, ionic strength and desorption
solution were investigated to obtain information on
treating effluents from the dye industry.

2. Experimental
2.1. Chemicals

Methylene blue (Basic blue 9: CI-52015) was
obtained from Kasei Kogyo Co. (Tokyo). Carbo-
diimide was supplied by Sigma Chemical Co. (St.
Louis, MO). Polyacrylic acid solution (25%,
degree of polymerization=2000-3000) was pur-
chased from Showa Chemical Co. (Tokyo). Ferric
chlorides, 6-hydrate and ferrous chloride
tetrahydrate were the products of J.T. Baker
(Phillipsburg) and Fluka (Buchs), respectively.
Ammonium hydroxide (29.6%) was supplied by
TEDIA (Fairfield). The water used throughout
this work was the reagent-grade water produced
by Milli-Q SP ultra-pure-water purification system
of Nihon Millipore Ltd., Tokyo. All other chemi-
cals were the guaranteed or analytic grade
reagents commercially available and used without
further purification.

2.2. Preparation of PAA-bound iron oxide
magnetic nanoparticles

PAA-bound iron oxide magnetic nanoparticles
were prepared according to our previous works
[18]. Iron oxide nanoparticles were prepared by

co-precipitating Fe?™ and Fe?*™ ions by ammonia
solution and treating under hydrothermal condi-
tions. The ferric and ferrous chlorides (molar ratio
2:1) were dissolved in water at a concentration of
0.3 M iron ions. Chemical precipitation was
achieved at 25 °C under vigorous stirring by adding
NH4OH solution (29.6%). During the reaction
process, the pH was maintained at about 10. The
precipitates were heated at 80 °C for 30 min, then
washed several times with deionized water and eth-
anol, and finally dried in a vacuum oven at 70 °C.

For the binding of PAA, 100 mg of iron oxide
nanoparticles were first added to 2 ml of buffer A
(0.003 M phosphate, pH 6). Then, the reaction
mixture was sonicated for 10 min after adding 0.5
ml of carbodiimide solution (0.025 g/ml in buffer
A). Finally, 2.5 ml of PAA solution (60 mg/ml in
buffer A) were added and the reaction mixture was
sonicated for 30 min. The binding process was car-
ried out at a constant temperature of 4 °C. The
PAA-bound iron oxide nanoparticles were recov-
ered from the reaction mixture by placing the bottle
on a permanent magnet with a surface magnetiza-
tion of 6000 gauss. They settled within 1-2 min and
then were washed with deionized water.

2.3. Characterization

The size of iron oxide nanoparticles was
observed by transmission electron microscopy
(TEM) using a Jeol Model JEM-1200EX at 80 kV.
The magnetic measurement was done using a
superconducting quantum interference device
(SQUID) magnetometer (MPMS7, Quantum
Design). The amount of PAA bound on iron oxide
nanoparticles was estimated by the percentage
weight losses from the thermogravimetric analysis
(TGA) done on the dried magnetic nanoparticles
in air with a heating rate of 10 °C/min on the
Shimadzu TA-50WSI TGA. The ion exchange
capacity of PAA-bound iron oxide magnetic
nanoparticles was determined as follows. First,
112 mg of nanoparticles was incubated in 5 ml of
1.0 M NaCl. The preliminary experiment revealed
the adsorption process reached equilibrium after
mixing by vortex for about 1 min, the nano-
particles were recovered magnetically after several
minutes and then rinsed with water. Secondary,
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the nanoparticles were added to 5 ml of HNO;
solution (pH 3) to release the Na* ions. After
mixing by vortex for several minutes, the mixture
was separated magnetically and the supernatant
was used to determine the concentration of Na™
ions by inductively coupled plasma atomic emis-
sion spectrometry (Jobin Yvon PA Norama).

2.4. Adsorption and desorption studies

The adsorption of MB onto the PAA-bound
iron oxide magnetic nanoparticles was carried out
in 0.03 M phosphate buffer at 25 °C and pH 9. In
general, 112 mg nanoparticles were added to 5 ml
of MB solution (0.5-8.0 mg/ml). After mixing by
vortex for 2 min, nanoparticles were removed
magnetically from MB solution. The adsorption
amounts of MB were estimated from the concen-
tration change of MB in solution after adsorption
by the spectrophotometeric method at 664 nm
(Hitachi U-3000 UV/vis spectrophotometer).

Desorption of MB was performed by putting
the removed nanoparticles into methanol solution
containing 2-12% acetic acid [13]. After mixing
for several minutes and removing the nano-
particles, the concentration of MB in liquid solu-
tion was measured to estimate the amount of MB
desorbed.

3. Results and discussion

3.1. Characteristics of PAA-bound iron oxide
magnetic nanoparticles

From the TEM analysis, the resultant PAA-
bound iron oxide nanoparticles were found to be
very fine. Their mean diameter was 12 nm. The
magnetic measurement indicated that they were
superparamagnetic with a saturation magnetiz-
ation of 62 emu/g at 25 °C. The TGA curve for the
PAA-bound iron oxide nanoparticles showed a
sharp weight loss of about 10.7% around 260 °C
due to the burning of PAA, and remained
unchanged from 260 to 400 °C because only iron
oxide existed within the temperature range. Thus,
the weight ratio of bound PAA to Fe;O4 could be
calculated to be 0.12. Since the density of Fe;Oy

(5.18 g/ml) and the average molecular weight of
PAA (180,000), it was estimated that averagely
two PAA molecules were bound to each Fe;O,
nanoparticle.

3.2. Effect of pH

The effect of pH on the adsorption of MB (2.0
mg/ml) by the PAA-bound iron oxide magnetic
nanoparticles (22.4 mg/ml) in 0.03 M phosphate
buffer at 25 °C was illustrated in Fig. 1. It was
found that the adsorption capacity of MB
increased with increasing the solution pH [3,6,7].
This could be attributed to the fact that the pro-
tonation of carbonyl groups of PAA became
insignificant at high pH. Since the adsorption
amount of MB remained constant at pH 7-10, the
following studies were conducted at a fixed pH of 9.

It was noteworthy that the adsorption of MB
reached equilibrium within about 2 min. Such a
fast adsorption rate could be referred to the
absence of internal diffusion resistance.

3.3. Adsorption isotherm

The equilibrium isotherm of MB adsorption by
the PAA-bound iron oxide magnetic nanoparticles
(22.4 mg/ml) in 0.03 M phosphate at pH 9 and
25 °C is shown in Fig. 2. The adsorption behavior
could be described by the Langmuir adsorption
equation [3].
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Fig. 1. Adsorption of MB on PAA-bound iron oxide nano-
particles as a function of pH. Conditions: (PAA-bound iron
oxide nanoparticles: 22.4 mg/ml; MB: 2.0 mg/ml; phosphate:
0.03 M; temperature: 25 °C).
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Fig. 2. Adsorption isotherm of MB on PAA-bound iron oxide
nanoparticles. Conditions: (PAA-bound iron oxide nano-
particles: 22.4 mg/ml; MB: 0.5-8.0 mg/ml; phosphate: 0.03 M;
temperature: 25 °C; pH: 9).
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where ¢ is the equilibrium adsorption amount of
MB (mg/mg), C. is the equilibrium MB concen-
tration in solution (mg/ml), ¢, is the maximum
adsorption amount of MB per mg of adsorbent
(mg/mg) and K is the Langmuir adsorption equi-
librium constant (ml/mg). As shown in Fig. 3, the
plot of C./q vs. C, yielded a straight line. From
the slope and intercept, the values of ¢, and K
might be estimated to be 0.199 mg/mg and 10.1
ml/mg, respectively.

3.4. Effect of temperature

The effect of temperature on the adsorption of
MB (4.0 mg/ml) by the PAA-bound iron oxide
nanoparticles (22.4 mg/ml) in 0.03 M phosphate
buffer at pH 9 was indicated in Fig. 4. The
adsorption amount of MB increased with increas-
ing temperature. The plot of log (¢/C.) vs. 1/T was
indicated in Fig. 5. From the slope (—AH/
2.303R), the change of enthalpy (AH) at 1040 °C
could be determined to be 30.9 kJ/mol. This value
was comparable with the other adsorbents [6,7],
and revealed the adsorption process was endo-
thermic in nature.
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Fig. 3. A plot of C./q against C, for the adsorption of MB on
PAA-bound iron oxide nanoparticles. Conditions: (PAA-
bound iron oxide nanoparticles: 22.4 mg/ml; MB: 0.5-8.0 mg/
ml; phosphate: 0.03 M; temperature: 25 °C; pH: 9).
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Fig. 4. Adsorption of MB on PAA-bound iron oxide nano-
particles as a function of temperature. Conditions: (PAA-
bound iron oxide nanoparticles: 22.4 mg/ml; MB: 4.0 mg/ml;
phosphate: 0.03 M; pH: 9).

3.5. Effect of ionic strength

The effect of ionic strength on the adsorption of
MB (5.0 mg/ml) by the PAA-bound iron oxide
nanoparticles (22.4 mg/ml) was examined in KCI-
containing phosphate buffer (0.03 M, pH 9). The
result was shown in Fig. 6. It was found that the
adsorption amount of MB remained almost con-
stant with the increase of KCl concentration up to
50 mM. This implied that the electrostatic attrac-
tion between the negatively charged PAA mole-
cules on the iron oxide nanoparticles and the
positively charged MB molecules was not affected
significantly by KCI under the examined condi-
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Fig. 5. A plot of log(¢/C.) against 1/7. Conditions: (PAA-

bound iron oxide nanoparticles: 22.4 mg/ml; MB: 4.0 mg/ml;
phosphate: 0.03 M; pH: 9).
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Fig. 6. Adsorption of MB on PAA-bound iron oxide nano-
particles as a function of KCIl concentration. Conditions:
(PAA-bound iron oxide nanoparticles: 22.4 mg/ml; MB: 5.0
mg/ml: phosphate: 0.03 M; temperature: 25 °C; pH: 9).

tion. The effect of KCl concentration above 50
mM was not examined because MB could not be
dissolved completely.

3.6. Desorption

The desorption of MB might be achieved using
a methanol solution of acetic acid [13]. As shown
in Fig. 7, the percentage of MB desorbed increased
with increasing the content of acetic acid. When
the content of acetic acid in methanol solution was
increased up to 4%, about 80% of MB could be
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Fig. 7. Desorption of MB from PAA-bound iron oxide nano-
particles as a function of acetic acid concentration in methanol.
Adsorption conditions: (PAA-bound iron oxide nanoparticles:
22.4 mg/ml; MB: 2.0 mg/ml; phosphate: 0.03 M; temperature:
25 °C; pH 9). Desorption conditions: (PAA-bound iron oxide
nanoparticles: 22.4 mg/ml; temperature: 25 °C).

desorbed. By multiple desorption (about 3 steps),
MB could be completely desorbed.

Noteworthily, the desorption equilibrium of
MB was achieved within about 2 min, similar to
the adsorption equilibrium. This also could be
attributed to the absence of internal diffusion
resistance.

4. Conclusion

MB could be recovered fast and efficiently from
an aqueous solution by the PAA-bound iron oxide
magnetic nanoparticles due to large specific sur-
face area and the absence of internal diffusion
resistance. The adsorption behavior could be
described by Langmuir isotherm, and the adsorp-
tion amount of MB increased with both the
increases in solution pH and temperature. The
adsorbed MB could be desorbed using the acetic
acid-containing methanol solution. Both the
adsorption and desorption of MB reached equili-
brium within 2 min.
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