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Extraction of 2-Hydroxyphenol by Surfactant Coated Nanosized Magnetic Particles
Zan-guo Peng, Kus Hidajat and Mohammad Shahab Uddin
Department of Chemical & Environmental Engineering,

National University of Singapore, 10 Kent Ridge Crescent, Singapore 119260
(Received 20 November 2002 « accepted 16 April)2003

Abstract—A colloidal suspension of magnetic particles coated with double layer surfactant molecules was prepared,
characterized and used for separation of some chemicals. The agqueous magnetic fluid was prepared by chemical pre-
cipitation method and characterized by total organic carbon analyzer (TOC), thermogravimetric @ia#)send
transmission electron microscopy (TEM). The TOC and TGA measurements indicate that the prepared magnetic par-
ticles are coated with surfactant molecules in double layers. The outer surfactant layer has free polar heads. TEM meas-
urement results show that magnetic particles are nanosized. A mixture of 2-hydroxyphenol (strong polar) and 2-
nitrophenol (weak polar) was chosen as the target system. Results show that the magnetic fluid can selectively adsorb 2-
hydroxyphenol from the mixture, whereas the adsorption of 2-nitrophenol is insignificant. For 2-hydroxyphenaol, the
adsorption equilibrium can be described well by Langmuir isotherm, and the adsorption kinetic can be fitted well by
a linear driving force mass transfer model.
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INTRODUCTION Large size magnetic particles are usually used as solid matrix
for the batch process of adsorption or immobilization of targets.

Magnetic separation technology deals with the transportation ofThe disadvantage of the separation using large size magnetic parti-
magnetic or magnetically susceptible particles in an external mageles is that the permanent magnetization of large size magnetic par-
netic field. ticles can cause the agglomeration even after the remove of exter-

Magnetic separation technologies, according to the characterisnal magnetic field.
tics of target systems, can be divided into two types: 1) the sepa- Magnetic fluids, which are also named ferrofluids, are stable col-
ration of magnetic target by the external magnetic field; and 2) thdoidal suspensions of nanometer-sized magnetic single-domain par-
separation of non-magnetic target by forming a complex with mag+icles that are coated with one or two layers of surfactants and dis-
netic particles, which can interact with, and therefore be separatepersed in a liquid medium [Rosensweig, 1985]. Fendler [2001] re-
by the external magnetic field. Wastewater treatment using magviewed applications of various types of surfactant-coated particles
netic microorganisms [Bahaj et al., 1998] and metal recovery [Watorincluding magnetic particles. Several works have been published
and Li, 1999] are under the first category. The second type mainlpn the preparation of double layer coated magnetic fluids. Prepara-
deals with enzyme immobilization [Dekker, 1989; Kondo and Fu- tion of magnetic fluid with double layer surfactant coating by chem-
kuda, 1997], cell sorting [Haik et al., 1999; Hancock and Kemsheadical precipitation method was first published in 1978 [Shimoiizaka,
1993; Honda et al., 1999; Molday and Molday, 1984], protein ad-1978]. Since then, a few more works have been published on prep-
sorption and purification [Dietrich et al., 1998; O'Brien et al., 1997], aration of double layer coated aqueous magnetic fluids [Akhavan
nucleic acid detachment [Levison et al., 1998; Uhlen, 1989] ancand Ghominezhad, 1998; Wooding et al., 1991]. A thorough study
drug delivery [Rusetski and Ruuge, 1990]. Most of the publishedon synthesis and characterization of double layer coated magnetic
work is classified as the second type separation. fluid was reported in 1999 [Shen et al., 1999].

Under the second type, magnetic particles in suspensions can be The potential use of magnetic fluid as a separation method mainly
divided into three groups according to their sizes: magnetic fluidsdepends on its structure, unique characteristics, fluid-like behavior,
(0.01-0.1um), unstable suspensions of larger ferroparticles (0 intermediate’s properties and magnetic properties. Superparamag-
and magnetic microspheres (complex construction of QUtHLO  netic properties make magnetic fluid sensitive to respond to the ex-
particles) [Ruuge and Rusetski, 1993]. To achieve the separation godkrnal magnetic field.
magnetic particles are coated with some intermediates, such as sur-Most of the published work on magnetic fluid deals with the prep-
factants or specific ligands to achieve the separation. The target mahration and characterization of surfactant coated colloidal suspen-
ecules are bonded to the magnetic particles through the intermedsion of magnetic particles. Only a limited number of studies have
ates. External magnetic field is used to maneuver the separation prbeen published on adsorption of biomolecules on surfactant-coated

Ccess. magnetic particles. One previous work studied the adsorption equi-
librium and kinetics of bilayer phospholipids (unilamellar vesicles)

To whom correspondence should be addressed. onto FgO, nanocolloids coated with single layer lauric acid [De
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. [ . sorbed surfactant [Shen et al., 1999]. The washed magnetic parti-

‘\\ R 3 E“ -~ cles were resuspended into 25 ml Milli-Q water, and the slurry was
h . heated to 66C with constant stirring. Once the slurry reachet©50
a surfactant solution of pH 10 (prepared by dissolving 1 g unde-
canoic acid to 10 ml of Milli-Q water in presence of JH) was
added dropwise until a stable suspension was obtained. At this point,
a dull black colored suspension turned to a shiny dark reddish brown
color. A stable suspension does not produce any visible precipita-
tion when placed on a magnet for about 5 min.
3. Characterization of Magnetic Fluids

The characterizations of the magnetic nanopatrticle are carried
Fig. 1. Core-shell structure of bilayer coated magnetic particle. ~ out to study its properties. TOC and TGA are used to study the dou-

ble layer coated structure, whereas TEM is used to measure the size
of magnetic particle.

adsorption mechanism of the phospholipids was not established from To prepare dried samples for the analysis, the second coated mag-
the study. netic particles in suspensions were precipitated completely in an

The main objective of the present work was to use a bilayer surtltracentrifuge (Beckman Ultracentrifuge, 20 min at 40,000 rpm).
factant-coated magnetic particles for the separation of chemicalBoth the second coated magnetic particles obtained from the cen-
The prepared magnetic particles have a bilayer surfactant coatedfuge and the first coated magnetic particles obtained through wash-
structure as shown in Fig. 1, which has free polar heads at the outarg were dried (Edwards freeze-dryer, ESM 1342) for 48 h to re-
layer. A system of 2-hydroxyphenol and 2-nitrophenol is chosenmove as much water as possible. TOC test was performed by QT
for the adsorption study based on their polarity. The study includeg\stro 2100 model TOC analyzer. The total carbon content was ob-
the equilibrium and the kinetics of the adsorption process and somtined from the TOC result. TGA test was performed by a TA 2050/

— & Surfactant

characterizations of the magnetic particles. winNT thermal analysis system. 10 mg of the dried sample was
loaded into the system, and the mass loss of the sample was mon-
MATERIALS AND METHODS itored under NMatmosphere at temperatures from 25 t0°60& a
rate of 20C per minute.
1. Materials A bright-field TEM (JEM-2010) was used for the size measure-

Iron (II) chloride tetrahydrate (99%) was obtained from Fisher ment of the magnetic nanoparticles. To prepare the sample for TEM
(USA). Iron(lll) chloride hexahydrate (98%) was obtained from measurement, a copper film (200 mesh and covered with formvar/
Nacalai Tesque (Japan). Ammonium hydroxide (25%), acetone, mettearbon) was coated with a thin layer of diluted magnetic fluid. The
anol, phosphoric acid (85%) were purchased from Merck (USA).copper film was then dried at room temperature for 24 h before the
Undecanoic acid, 2-hydroxyphenol, 2-nitrophenol were purchaseaneasurement.
from Aldrich (USA). All the chemicals were used as received with- 4. Separation Experiment
out further treatment. The water used in this work was Milli-Q ultra  2-hydroxyphenol and 2-nitrophenol were used as a model sys-
pure water. tem to test the adsorption characteristics of magnetic fluid coated
2. Preparation of Aqueous Magnetic Fluids with double layer undecanoic acid. Both the equilibrium and the

The chemical precipitation method [Shen et al., 1999; Woodingkinetics of the adsorption process were investigated.
et al., 1991] was used to prepare agueous magnetic fluids coatetd1. Equilibrium Study
with double layer undecanoic acid. The method is based on the fol- For equilibrium studies, 0.3 ml magnetic fluid with a solid frac-
lowing chemical reaction [Elmore, 1938]: tion of 0.0139 (g/ml) was mixed with 3 ml feed solution of differ-

_ ent concentrations. The feed was either of 2-hydroxyphenol or 2-
FeCl-4H0+2FeC)-6HO+BNHOH=FQO,(s)+8NHCH20HO nitrophenol, or equimolar mixture of these two components. Al
A complete precipitation of E®, is achieved under alkaline con- the experiments were conducted at pH of 6.6, which was the un-
dition, while maintaining a molar ratio of ¥eFe€*=1:2 under a  adjusted pH of the mixture of magnetic fluid and feed solution. After
non-oxidizing environment. To obtain 1 g ofGgeprecipitate, 0.86g  three days, the magnetic particles settled naturally, giving a clear
of FeCl-4HO and 2.36 g FeGCBHO were dissolved under,N  supernatant suitable for HPLC analysis without any further treat-
atmosphere in 40 ml of de-aerated Milli-Q water with vigorous stir- ment. The effect of pH on the adsorption of 2-hydroxyphenol was

ring (1,000 rpm). As the solution was being heated €80 g of also studied.

the undecanoic acid and 5 ml lbH were added together. To en- 4-2. Kinetics Study

sure the complete growth of the nanoparticle crystals, the reaction The adsorption kinetics of 2-hydroxyphenol on magnetic fluid
was carried out for 30 min at 80 under constant stirring. The re- was studied at two different initial feed mixture concentrations, 0.0826
sulting water-based suspension was cooled down to room tempemM and 0.1719 mM. Several identical samples were prepared by
ature and then washed with acetone and methanol to remove thmixing 0.3 ml magnetic fluid and 3 ml feed solution and stored in
unreacted surfactant. The residual methanol and acetone from theeparate bottles. At different time intervals, the supernatant from
precipitated magnetic particles were then removed by washing witleach of the sample bottles were withdrawn for analysis.

Milli-Q water. This methanol/acetone wash will not affect the ad- 5. Analytical Methods
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The concentrations of 2-hydroxyphenol and 2-nitrophenol were 1.0
measured by Jasco HPLC system equipped with a reverse pha
column (HP ZORBAX C-18) under the following conditions: col-
umn temperature 38, UV wavelength 275 nm, mobile phase: 09
acetonitrile (45%) and phosphoric acid (0.01 M) (55%), flow rate £
1.0 ml/min. @

HPLC analysis requires the sample to be completely free frorr§
magnetic particles. During equilibrium study, the samples were col @
lected after 72 hours and by this time, all the magnetic particles ha 'S
settled naturally, giving a clear supernatant free of magnetic parti
cles. Similar sample collection procedure was not applicable for
kinetic study, when samples were collected at time intervals. The
magnetic particles needed to be separated from the solution quicki
after the sample was collected in order to avoid any further adsorp 3¢ :
tion of 2-hydroxyphenol on the particles. Methanol was added tc 0 200 400 600
the collected sample to accelerate the precipitation of the magnet Temperature, °C
particles. The settled particles were held by a magnet and the cle].:.I
supernatant was withdrawn for solute analysis by HPLC. It has been
found experimentally that the solute concentrations in the superna-
tants, obtained through long time natural precipitation and by ac-
celerated precipitation through methanol addition, do not show an'
significant difference.

0.8 -

T o7

g. 3. TGA curve for monolayer and bilayer surfactant coated
magnetic particles.

RESULTS AND DISCUSSION

A magnetic fluid was synthesized, characterized and used fo
the separation studies. The results are discussed in the followin
sections.

1. Structure of Magnetic Particles

The TOC results of single and double coated magnetic particle:
are shown in Fig. 2. The TOC curve of monolayer magnetic par-
ticles has shown one peak compared to two peaks for the bilays
magnetic particles. From the TOC results, the amount of surfactar
on monolayer coated and bilayer coated particles are calculated i
0.0763 g and 0.1457 g per gram of particles, respectively. The TG/
measurement results are given in Fig. 3. It shows that about 169

e

bl I
mass loss is found for single coated particles, whereas for bilaye s vt T

Fig. 4. TEM micrograph of bilayer coated magnetic particles.
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Fig. 2. TOC curve for monolayer and bilayer surfactant coated
magnetic particles. Fig. 5. Size distribution of magnetic particles.
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coated particles the mass loss is about 37%. Both TOC and TG,
results are consistent and indicate core-shell type bilayer surfacta
coating structure of the magnetic particles. Similar results were ok
tained by previous work [Shen et al., 1999].

2. Size of Magnetic Particles

Magnetic particles’ size and the distributions are determined frorr
TEM micrographs. A typical TEM picture is shown in Fig. 4.

The sizes of 500 particles from the TEM results were measures
and the size distribution found to be log-normal as shown in Fig. 5
The mean diameter of the particles is calculated from the follow-
ing log-normal equation;

1 1 Dﬁ}
exp ———HAnN—T—
Da./2* F{ 2*02% DU

Adsorption quantity, mmol/g

p(D) = @
Where, p(D) is the probability frequency, D is the diameteis D
the mean diameter aieds the standard deviation.

The mean particle diameter as calculated from the distribution isig
8.36 nm ¢=1.31). This shows that the prepared magnetic particles
have superparamagnetic properties (particle size less than 30 nm)
[Berkovsky et al., 1993] and it can form stable dispersion (particle
size less than 15.5 nm) [Rosensweig, 1985].
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. 7. Effect of pH on equilibrium adsorption of 2-hydroxyphe-
nol on magnetic particles (initial concentration of 2-hydrox-
yphenol in the mixture of feed and magnetic fluid: 0.0826
mM and 0.1719 mM).

3. HPLC Analysis Results 06
Typical HPLC chromatogram for 25 ppm mixture of 2-hydroxy-
phenol and 2-nitrophenol is shown in Fig. 6. This shows that 2-hy-
droxyphenol is more polar than 2-nitrophenal. It is commonly known ,
that in an HPLC system where a stationary phase is less polar thz é 04 4
the mobile phase, it is expected that the more polar compound i € m 0 2-hydroxyphenol
the mobile phase will be eluted first [Knox, 1982]. % A A 2-nitrophenol
4, Effect of pH on the Adsorption Equilibrium of 2-hydroxy- o] ——  Langmuir model
phenol g
Effects of pH on the adsorption of 2-hydroxyphenol by mag- & 0.2 1
netic fluids are shown in Fig. 7. Results show that the adsorption i §
strongly influenced by the solution pH. Highest adsorption has oc- <
curred at pH between 6 and 7. This may be explained in terms ¢ 4 AAA i N A A
the isoelectric point of the particles. Isoelectric point of magnetic 0.0 4 , NN , .
particles is 6.5 [lwasaki et al., 1962], which falls in the pH range 0.0 05 1.0 15 20 25
Equilibrium concentration, mM
mAU 2-nitrophenol Fig. 8. Equilibrium isotherm of 2-hydroxyphenol and 2-nitrophe-
g 2-hwdroxybhenol 5.212 nol (blank label is for single component adsorption, solid
ydroxyp
175 3 2936 label is for mixture adsorption).
150
195 for maximum adsorption. All the subsequent adsorption equilibrium
: and kinetic studies were conducted at a pH of about 6.6, which is
100 the unadjusted pH of the mixture of magnetic fluid and feed solu-
75 tion.
5. Adsorption Equilibrium of 2-Hydroxyphenol and 2-Nitro-
50 7 phenol
25 4 air peak Fig. 8 shows the adsorption equilibrium for 2-hydroxyphenol
2.237 . ) . . .
0 o, | L_ J L and 2-nitrophenol, which are obtained either from a single compo-
: . . : . . nent or binary mixture feeds experiments.
1 2 3 4 5 Results show that the prepared magnetic particles can selectively
Time, min

Fig. 6. Typical HPLC diagram for 25 ppm 2-hydroxyphenol and
2-nitrophenol (column temperature 35C, UV wavelength
275 nm, mobile phase: acetonitrile (45%) and phosphoric
acid (0.01 M) (55%), flow rate 1.0 ml/min).

adsorb 2-hydroxyphenol in a much higher capacity than 2-nitro-
phenol. This confirms that the prepared magnetic particles have a
free polar head outer layer, which can selectively adsorb the polar
compounds.

Results also show that the presence of 2-nitrophenol in the feed

Korean J. Chem. Eng.(Vol. 20, No. 5)
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does not have any significant influence on the selectivity of adsorpWhere, G is the initial concentration of 2-hydroxyphenol, V is the

tion between the two compounds. volume of the feed mixture and S is the solid content of magnetic
The experimental equilibrium adsorption data for 2-hydroxyphe-fluid.

nol are fitted to the following Langmuir isotherm through non-linear ~ Substituting Eq. (5) into Eq. (4), the following differential equa-

regression analysis: tion is obtained:
— QmKaC‘ (C _C)V
—xmtaz 2 g 0 g
*ike R S i 0
Where, Q is adsorbed quantity (mmol/g solid)i€omaximum ad- dt % QK. —Kawg
sorbed quantity (mmol/g solid), i equilibrium coefficient (mM), S
C'is equilibrium solution concentration (mM). Eq. (6) is integrated numerically by using a standard routine such

Fig. 8 shows that the Langmuir isotherm can describe well thegs Polymath 4 for solving non-linear ordinary differential equations.
adsorption experimental data with a correlation coefficienfef R The fitted curve and the experimental data are compared in Fig. 9.
0.986. Q=0.551 mmol/g solid and J&6.797 mM* are obtained |t is found that the experimental results are fitted well with=<
from the fitting. 0.005 (min).

6. Adsorption Kinetics

Adsorption kinetics of 2-hydroxyphenol on magnetic particles CONCLUSIONS

were studied at two different feed concentrations, and the results

are shown in Flg 9. The two different feed concentrations studied The fo"owing conclusions can be drawn from the present Study:

do not have significant effect on the kinetics of the process. The magnetic fluid prepared by chemical precipitation method con-
A linear driving force mass transfer model is used to describeains nanosized magnetic particles with double layer surfactant coat-
the adsorption kinetics. The model can be expressed as: ing and can form a stable dispersion. The magnetic particles can

dc . selectively adsorb 2-hydroxyphenol from mixture of 2-hydroxyphe-

T a(C=C) ©) nol and 2-nitrophenol on the basis of polarity. Adsorption equilib-

rium of 2-hydroxyphenoal follows Langmuir isotherm. Adsorption

Where, Ka is the overall mass transfer coefficient, C is the con-yinetics of 2-hydroxyphenol fits well in a linear driving force mass
centration of 2-hydroxyphenol in solution at time, t, ahe €qui- transfer model.

librium concentration.
C is obtained from Langmuir isotherm [Eq. (2)] and the result- ACKNOWLEDGEMENTS
ing equation becomes:

dc %b— Q 0 @ This WOFK is supported by National University of Singapore re-
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The mass balance of 2-hydroxyphenol can be expressed as:

CV=CV+SQ ®)

NOMENCLATURE

C :concentration of 2-hydroxyphenol [mM]
C, :initial concentration [mM]

C* :equilibrium concentration [mM]

D

D,

: diameter of magnetic particles [nm]
: mean diameter of magnetic particles [nm]
—— Fitting line . . equilibrium coefficient [mM']

= 0.0826mM .a :overall mass transfer coefficient

4 01719mM p(D) : probability frequency [dimensionless]
Q :adsorbed quantity [mmol/g solid]
Q. :maximum adsorbed quantity [mmol/g solid]
S : solid content of magnetic fluid [g]

A~ X

cic,

t : time [min]
A N A V  :volume of the feed mixture [ml]
= o :standard deviation of log-normal distribution
0.0 T r r . T REFERENCES
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