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ABSTRACT

We prepared Fe;04 particles and two types of composite magnetic particles derived from Fe;04 and
bis(trimethoxysilylpropyl)amine (TSPA), and from Fe;0,4 and a flocculating agent 1010f (a copolymer
of acrylamide, sodium acrylate, and [2-(acryloyloxy)ethyl]trimethylammonium chloride). Using these
particles, boron adsorption in aqueous solution was comprehensively investigated. The adsorption was
found to occur rapidly in the first 2 h and the particle composition did not have a significant effect on
the equilibrium time. We found that Fe304-TSPA particles presented the highest adsorption capacity,
whereas the pure Fe; 04 particles showed the lowest capacity. For all particles, amount of boron adsorption
decreased with the initial pH in the order of 6.0 > 2.2 > 11.7. In general, the adsorption amount appeared to
decrease with the increase in ionic strength. We propose that boron is adsorbed in the form of both H3BO3
and B(OH)4~ through the interactions of hydrogen bonding, electrostatic and hydrophobic attractions. The
information gained in this study would be helpful for both understanding the adsorption mechanism and

designing low-cost and easily available adsorbents for boron.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Boron is one of the minor elements dissolved in natural water
and one of the seven essential micronutrient elements required for
the normal growth of most plants. It has a marked effect on plants
in terms of both nutrition and toxicity. Boron is also an important
micronutrient for animals and human beings [1], but the range
between deficiency and excess is very narrow. The World Health
Organization defines boron level of 0.3 mg/l as the non-observed
effect level (NOEL) for drinking water. High boron levels in drinking
water can be toxic to human beings [2,3].

There is no easy method available for the removal of boron
from water and wastewater. One or more methods may be
applied according to boron concentration in the medium. For
boron removal, main processes that have been studied are: (1)
precipitation-coagulation, (2) reverse osmosis, (3) electrodialysis,
(4) solvent extraction, (5) membrane filtration, and (6) adsorption
(including ion exchange adsorption) [4,5]. Among these meth-
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ods, adsorption is a very useful and economical technique at
low boron concentration [4,6]. In this method, conventional ion
exchange adsorption, or adsorption using common adsorbents,
such as oxides, clays, and activated carbons, is not so effective due to
a poor ionization of boric acid and low selectivity of the adsorbents.
The most promising boron adsorbents are hydroxyl-containing
boron-selective adsorbents, such as Amberlite XE 243 and Amber-
lite IRA 743 [4], polyol and N-methylglucamine grafted mesoporous
SBA-15 and MCM-41 [3,7]. Selective adsorption of boron by these
adsorbents is caused by complexation. It was reported that coex-
isting salts did not significantly interfere with the adsorption when
boron is adsorbed through complexation.

Although the above-mentioned boron-selective adsorbents are
effective for the removal of boron, they are usually difficult to
prepare and are also expensive, which limits their application in
practical boron removal processes. Magnetic assisted adsorption
separation is a promising technology employed in water treat-
ment [8]. Magnetic adsorbents can be used to adsorb contaminants
from aqueous effluents. After adsorption the adsorbents can be
separated from the medium by a simple magnetic process [9-11].
Magnetic adsorbents are usually prepared by the functionalization
of magnetic particles through organic vapor condensation, polymer
coating, surfactant adsorption, and direct silanation with silane-
coupling agents [12-14]. Functionalized magnetic particles have
been used in the fields of magnetic assisted separation [15-18],
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magnetic resonance image (MRI) [19,20], magnetic hyperthermia
[21,22], drug delivery [ 18,23], magnetic biosensing [15], immunoas-
say [23], tissue repair [19], etc.

In this study, we prepared pure Fe304 particles and two types of
composite magnetic particles derived from Fe30,4 and bis(trime-
thoxysilylpropyl)amine (TSPA), and from Fe304 and a flocculat-
ing agent 1010f (copolymer of acrylamide, sodium acrylate, and
[2-(acryloyloxy)ethyl]trimethylammonium chloride). All these par-
ticles were used to adsorb boron in water, which enables us not only
to understand the adsorption mechanisms, but to design inexpen-
sive and easily available adsorbents for boron.

2. Experimental

2.1. Preparation of pure Fe304 particles and the composite
magnetic particles

Pure Fe304 particles were prepared by co-precipitating Fe(II)
and Fe(lIIl) ions in aqueous solution with ammonia according to
the method reported in Refs. [24,25]. For the preparation of TSPA-
functionalized Fe304 composite particles, 5.0 g of the wet Fe30y4
particles were dispersed in 150 ml water with stirring. 2.5 ml of
TSPA (Gelest) was added to this mixture under gentle stirring.
The reaction mixture was stirred for 30 min. Then, the TSPA-
functionalized particles were recovered from the reaction mixture
using a permanent magnet, and then washed with pure water until
the pH of the water after washing was around 7. For the prepa-
ration of 1010f-Fe304 composite particles, 5.0 g of the wet Fe30y4
particles were dispersed in 150 ml of water with stirring. 2.5 ml
of 0.5 g/l 1010f (Zibo Zhisheng Industrial Co., Ltd., PR China) aque-
ous solution was added to this mixture under gentle stirring until
the floccules appeared. Then, the 1010f-Fe304 composite particles
were recovered from the reaction mixture using a permanent mag-
net.

A SONY DSC-T50 digital camera was used to take photos of the
particles in water. Water content of the particles was determined
by the weight change before and after drying the particles at 25°C.
Point of zero charge (PZC) of the composite particles was deter-
mined by the method described by Mustafa et al. [26] and Wu et al.
[24,25]. A PB-10 (Sartorius) pH meter was used to record solution
pH.

2.2. Boron adsorption

Wet particles were used in the adsorption experiments. 3.0 g of
the wet particles were dispersed in 50 ml solution at the desired
initial boron concentration, pH, and ionic strength. All the adsorp-
tion experiments were carried out using a SHA-C shaking water
bath (Changzhou Guohua Co., Ltd., PR China) with a shaking speed
of 80rpm at 22 °C. Solution pH was adjusted with dilute HCl and
NaOH solutions. Ionic strength was controlled with MgCl, solu-
tion. Except for the adsorption kinetic experiments, time for the
adsorption experiment was set to 2 d.

After adsorption, the mixture was separated with a perma-
nent magnet and the supernatant was used to determine the
concentration of boron by a UV-vis spectrophotometer (TU-1810,
Beijing Purkinje General Instrument Co., Ltd, China) at 412 nm with
azomethine-H as a colorimetric reagent according to the method
described in Refs. [27,28]. The amount of boron adsorbed onto the
particles (g, in millimoles per kilogram of the dried particles) was
calculated by a mass balance relationship:

V(G -0)

Q—T (1)

where Cy and C are the boron concentrations in the solutions before
and after adsorption (mmol/l), V is the volume of the solutions (1),
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Fig. 1. Hydrolysis and condensation reactions of TSPA.

and W is the dry weight of the particles used (kg). The adsorption
amount was calculated based on the dry weight of the particles.

3. Results and discussion
3.1. Preparation and characterization of the particles

After the addition of TSPA to the suspension of Fe304 particles,
TSPA undergoes hydrolysis and condensation reactions as shown
in Fig. 1. Since there are six methoxy groups in TSPA monomer and
the hydrolysis and condensation reactions occur simultaneously,
there are many kinds of hydrolysis and condensation products. The
hydrolysis products of TSPA condense not only with themselves
but also with the surface hydroxyl groups of the Fe304 particles,
forming the Fe304-TSPA composite particles. In the preparation of
the Fe30,4-1010f composite particles, the 1010f, a flocculating agent,
physically associates with Fe;04 particles, forming the floccules of
the Fe304-1010f composite particles. The photographs of the pure
Fe304 and the composite particles are shown in Fig. 2. Itis clear from
Fig. 2 that both composite particles show the flocculated structure
compared to pure Fe304 particles.

Water content of the Fe304, Fe304-TSPA, and Fe304-1010f par-
ticles was found to be 84.4, 92.4, and 86.8%, respectively, which is
consistent with the fact that after drying the volume of the particles
decreases dramatically.

For the determination of the PZC of the composite particles, the
relationship between pH change and the initial pH of the solutions
was measured as shown in Fig. 3. The pH change is the differ-
ence between the final and initial pH values of the solutions after
acid-base equilibrium between the composite particles and the
solutions. The initial pH at which the pH change is zero is the PZC
of the composite particles, which was found to be 7.5 and 8.5 for
the Fe304-1010f and Fe304-TSPA composite particles, respectively.
The PZC of the pure Fe304 particles was reported to be 6.5 [29]. The
particles functionalized with TSPA have the highest PZC because of
the presence of basic -NH- groups in TSPA.

3.2. Adsorption kinetic curves

Fig. 4 shows the amount of adsorbed boron as a function of time.
As shown in Fig. 4, adsorption occurs rapidly in the first 2 h, after
which the adsorption amount changes slowly. The particle compo-
sition does not have a significant effect on the equilibrium time. The
variation in the extent of the adsorption may be because initially all
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Fig. 3. PZC determination of the composite particles.

sites on the surfaces of the particles were vacant and the boron con-
centration gradient was relatively high. Consequently, the extent of
each ion uptake decreases significantly with the increase of contact
time, caused by the decrease in the number of vacant sites on the
surface of the particles. According to the adsorption kinetic results,
the adsorption time was fixed at 2d in the following experiments
to make sure that the equilibrium was reached.

751 -+ Fe304
—O—Fe304-TSPA
60 - —/'—Fe30,4-1010f

Adsorption amount (mmol/kg)

t(h)

Fig. 4. Adsorption kinetic curves. Initial boron and MgCl, concentrations were 2.0
and 0.0 M, respectively. Initial solution pH was 6.0.

3.3. Effect of initial solution pH on the adsorption

Boron adsorption in aqueous solutions with three different ini-
tial pH values is compared in Fig. 5. All three particles showed
the same trends with pH change: the amount of boron adsorption
decreased with the initial pH in the order of 6.0>2.2>11.7. At the
same solution composition, amount of boron adsorption decreased
in the order of Fe304-TSPA > Fe304-1010f > pure Fe304 particles.

3.4. Effect of ionic strength on the adsorption

The effect of ionic strength on the adsorption is shown in Fig. 6.
In general, the adsorption is found to decrease with the increase in
ionic strength. For the adsorption of boron from aqueous solutions
using fly ash, adsorption was also found to decrease in the presence
of two salts [4]. However, for the adsorption of boron by polymer
supported iminodipropylene glycol, the presence of Ca2* or Mg2*
ions does not bring any significant interference on boron adsorption
[30].

3.5. Adsorption mechanisms
It is reasonable to expect that the adsorption difference is

caused by the interactions between boric acid/borate and the
particles. The effect of ionic strength on adsorption can be used
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Fig. 5. Effect of initial solution pH on the adsorption. Initial boron and MgCl; con-
centrations were 2.0 and 0.0 M, respectively.
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Fig. 6. Effect of solution ionic strength on the adsorption. Initial boron concentration
was 2.0 mM. Initial solution pH was 6.0.

to distinguish the inner-sphere surface complexation from the
outer-sphere one in adsorption, and hence, to give some useful
information about the interactions between the adsorbents and the
adsorbates [27]. In inner-sphere surface complexes the adsorbed
molecules or ions and the surface functional groups establish cova-
lent bonds. Inner-sphere complexes contain no water molecules
between the adsorbed molecules or ions and the surface func-
tional groups, whereas, in outer sphere surface complexes, water
molecules remain between the adsorbed molecules or ions and
the surface functional groups [31]. In this case, no covalent bonds
form between the adsorbents and the adsorbates. Thus, other
interactions, such as electrostatic attraction, hydrogen bonding, or
hydrophobic attraction are responsible for the adsorption.

Insensitivity to ionic strength has been taken as an indica-
tion for inner-sphere surface complexation. Decrease of adsorption
with increasing ionic strength has been interpreted as outer-
sphere surface complexation [31]. Adsorbed boron can form both
inner-sphere and outer-sphere surface complexes with different
adsorbents [27,32]. For the adsorption of boron by hydroxyl-
containing boron-selective adsorbents, the adsorption is usually
independent of solution ionic strength [32], indicating that inner-
sphere surface complexes form and boron is covalently bonded onto
the adsorbents. In this study, however, adsorption of boron gen-
erally decreased with the increase in ionic strength. This means
that the interactions between boric acid/borate and the particles
are not specific. That is, complexation may not be responsible for
adsorption.

In natural aqueous environments where boron content is low,
boron is present mainly as boric acid and partially as B(OH)4~
according to the dissociation reaction (pK; =9.1). When solution
pH<9.1, boron exists mainly as H3BO3, whereas, when solution
pH>9.1, boron exists mainly as B(OH)4~. Boric acid B(OH); and its
anion borate B(OH)4~ have solution chemistry that is quite differ-
ent from most other oxyanions. Borate forms by the addition of a
hydroxyl group to the trigonal planar boric acid molecule, forming
a tetrahedral anion. Boric acid and borate both typically exist as
monomers in solution at low concentrations (below 25 mM), but
at higher concentrations many poly-borate polymers are known to
form [33,34]. In this study, initial boric acid concentration in all the
solutions is lower than 5 mM, so boron exists mainly as B(OH); and
B(OH)4_.

For pure Fe304 and the composite particles, at solution pH < PZC,
the particle surface is positively charged, whereas at solution
pH > PZC, the particle surface is negatively charged. Therefore there

should be different electrostatic interactions between borate and
the particles under different adsorption conditions. The experimen-
tal results show that boron adsorption in the solution at pH 11.7
is much lower than that at pH 2.2 or 6.0 because of the electro-
static repulsion between borate and the particle surface (Fig. 5),
confirming the importance of the electrostatic interactions in boron
adsorption.

Fig. 6 demonstrates that adsorption generally decreases with
the increase in ionic strength. When MgCl, concentration changes
from O to 2.0 M, however, the adsorption amount does not decrease
to a very low value, indicating that electrostatic interaction is only
partly responsible for the adsorption.

From the physicochemical natures of boric acid, borate, and the
particle surfaces, it could be deduced that hydrogen bonding and
hydrophobic interactions may play roles in the adsorption. All the
particles have the suitable functional groups and atoms on their
surfaces for the formation of hydrogen bonds with boric acid or
borate (including ionic hydrogen bonds [35]), which can promote
the adsorption.

Hydrophobic interactions represent a tendency of nonpolar
groups to associate in aqueous solutions. They commonly occur in
aqueous solutions of low-molecular weight organic substances as
well as of biological macromolecules [36]. In this study, in solutions
with a pH value lower than 9.1, boron exists mainly as non-poplar
boric acid which can present some hydrophobic attractions with
the hydrophobic carbon chains of the composite particles. So it
is expected that hydrophobic attractions should play a role in
boric acid adsorption by the composite particles. It was reported
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Fig. 7. Schematic diagrams for the interaction between boric acid/borate and the
Fe304-TSPA composite particles. HA, hydrophobic attraction; HB, hydrogen bond-
ing; EA, electrostatic attraction; ER, electrostatic repulsion.
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that based on the relative adsorption capacity values, adsorption
of boron onto clays (bentonite and sepiolite) was enhanced by
changing the clay surface from hydrophilic to hydrophobic with
nonylammonium chloride [37], confirming the importance of the
hydrophobic attractions.

Based on the above analysis, the interactions between boric
acid/borate and the Fe304-TSPA composite particles are schemati-
cally demonstrated in Fig. 7. There are three types of interactions:
(1) electrostatic interaction; (2) hydrogen bonding; (3) hydrophobic
interaction.

In neutral solution the adsorption of boron is enhanced
by hydrogen bonding, electrostatic and hydrophobic attractions
(hydrophobic attraction only for the composite particles). In basic
solution, however, the adsorption is suppressed by electrostatic
repulsion. In acidic solution the adsorption amount of boron is
smaller than that in neutral solution probably because of the lack
of electrostatic attraction.

For the removal of boron from aqueous solutions by layered dou-
ble hydroxides (LDHs), experimental results indicated that anion
exchange was an important mechanism for the adsorption [28,38].
Since the chemical nature of anion exchange is electrostatic inter-
action, B(OH)4~ is one of the boron species to be adsorbed. Direct
experimental evidence for the presence of both trigonal and tetra-
hedral B on the surface of amorphous Fe oxide was provided
by attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy [33,39]. Ligand exchange with surface hydroxyl
groups has been invoked as the mechanism of boron adsorp-
tion on Al and Fe oxide minerals [39] and clay minerals. These
reported results and our experimental results show that boron can
be adsorbed in both H3BO3 and B(OH),~ forms as demonstrated in
Fig. 7.

4. Conclusion

Pure Fe304 particles and two kinds of composite Fe304 par-
ticles were used to adsorb boron from aqueous solution. Boron
adsorption occurred rapidly in the first 2 h and the effect of parti-
cle composition was negligible for the equilibrium time. We found
that boron adsorption decreased with the initial pH in the order of
6.0>2.2>11.7 for all particles, and that at the same solution com-
position it decreased in the order of Fe304-TSPA >Fe304-1010f>
Fe304 particles. In general, the adsorption amount decreased with
the increase in ionic strength. It was suggested that boron is
adsorbed in both forms of H3BO3; and B(OH)4~. Thus, for all the
particles the amount of boron adsorption is highest in neutral
solution probably due to the hydrogen bonding, electrostatic and
hydrophobic attractions, but lowest in basic solution because of the
electrostatic repulsion.
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