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ABSTRACT

The adsorption of boron on iron-oxide (FeO(OH)) has been investigated in aqueous solutions as
a function of pH, ionic strength, temperature, boron concentration and amount of the adsorbent.
Analysis of the experimental data indicates that boron adsorption on iron-oxide is based on the
replacement of a water molecule by a boric acid molecule. Evaluation of the experimental data
reveals that boron adsorption on iron-oxide is an exothermic process, which is not significantly
affected by the ionic strength, indicating the formation of inner-sphere complexes. Further-
more, the maximum adsorption capacity of iron-oxide for boron has been determined using
the Langmuir isotherm and is equal to 0.03 mol/kg. The conditional formation constant of the
surface complexes under optimum conditions has been found to be logf’ = 4.5, indicating the
relative high affinity of iron-oxide for boron.
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1. Introduction

Boron is the first member of the main-group III ele-
ments in the periodic table with the chemical symbol B
and atomic number 5. The element possesses a vacant
p-orbital and all reactions are dominated by this elec-
trophilic character of boron. Also boron compounds
behave usually as Lewis acids, readily bonding with
electron-rich Lewis bases to compensate for boron’s
electron deficiency [1]. Boron is a naturally occurring
element that is found in oceans, sedimentary rocks, coal,
shale, and some soils and is found mainly in the form
of its oxygen compounds (e.g., borate minerals). There
are hundreds of minerals that contain the element boron
but few are found in great enough quantities to make
them commercially valuable (e.g., colemanite, ulexite).
In aqueous solutions boron exists predominantly as
boric acid, which is a very weak Lewis acid with a pK of
9.2 and its dissociation is associated with the formation
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of B(OH); and Hzfaq) through the addition of a water to a
boric acid molecule as shown in Eq. (1) [1]:

B(OH)3(aq) + HzO 4 B(OH)Z(aq) + H(Jraq) (1)

The acidity of boric acid can be increased by reacting
B(OH), with poly-alcoholic compounds (e.g., mannitol)
to form esters. The strength of these new compounds is
similar to that of acetic acid with a pK of about 4.7 [1].
It is also important to point out that, depending on the
concentration of boric acid, different polyborate species
formed by the condensation of several borate molecules
may exist in solution. However, at boron concentrations
below 0.025 mol/I the aquatic chemistry of boron is gov-
erned only by B(OH), and B(OH); [2].

Boron enters the environment mainly from the weath-
ering of boron-containing rocks, from seawater in the
form of boric acid vapour and from volcanic and other
geothermal activities such as geothermal discharges. In
natural waters the concentration of boron is usually less
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than 1 mg/l and seldom exceeds the boron concentra-
tion in seawater, which is relatively high and averages
around 4.5 mg/1l. However, depending on the hosting
lithology boron concentration in regional ground waters
can reach levels up to 8 mg/1 [3]. Boron is also released,
though to a lesser extent, from human activities, which
include the use of borate-containing fertilizers and her-
bicides, the use of borates and perborates in the home
and in industry, and the release of waste from borate
mining and processing. Borate mining and use of boron
in various manufacturing industries is associated with
industrial effluents that can contain boron up to several
grams per liter (g/1) and have to be treated before dis-
charge in natural water bodies [4].

Several technologies have been proposed and
applied for the removal of boron from waters and
wastewaters [5-9]. In particular, several studies for the
adsorption of boron by clays, soils, and other minerals
have been carried out by several investigators [4,10-13].
Usually these studies are concerned with parameters
that affect the efficiency of adsorption and only few
studies have addressed the nature of the adsorbed boron
species and the mechanism of the adsorption process
[14-17]. In some cases (for example sorption on alumi-
num oxides) significant progress regarding the interac-
tion mechanism has been made, but in other cases (like
magnesium oxide) further investigations are needed in
order to understand boron adsorption by solids and in
particular metal oxides [16].

In addition, boron adsorption on iron-oxide (Fe(O)OH)
is of particular interest because according to litera-
ture, aluminium and iron oxides are the primary boron
adsorption surfaces in soils. Particularly, the content of
iron oxide was a significant parameter explaining the
variance in adsorbed, soluble and total boron for soils
[10,11]. The present paper reports experimental results
on the adsorption of boron by iron-oxide at various
conditions (e.g., pH, ionic strength, temperature, boron
concentration and amount of adsorbent), discusses the
effect of these parameters on boron adsorption, suggests
possible adsorption mechanisms and evaluates a forma-
tion constant of the surface complexes.

2. Experimental

A periodically mixed batch technique was selected
for the batch adsorption experiments. All experiments
were carried out under normal atmospheric condi-
tions at 22 +3°C. Test solutions were prepared by dis-
solution of a standard boron solution (99.99%, Aldrich
Co) in aqueous solution. The ionic strength (0.1 and
1.0 M) in the test solutions was adjusted by addition
of sodium perchlorate (NaClO,, Aldrich Co). The ionic
strength values up to 1.0 M were selected to cover also

ionic strength values corresponding to saline waters
(e.g., seawater, ~0.7 M). Solutions without background
electrolyte are denoted by I=0.0 M. The adsorbent,
iron-oxide (Fe(O)OH, mesh-325, Aldrich Co) was used
without any further purification or other pre-treatment.
The zero point of charge on the surface (pzc value) of the
solid was determined by acid-base titration in solutions
of varying ionic strength and was found to be ~8.0 [18].
Immediately after the addition of 100 ml of the test
solutions to the adsorbent, the 100 ml polyethylene screw
capped bottles were shaken and left for an equilibration
time of three days. The solutions were then first centri-
fuged at 5000 rpm (Lab centrifuge, Memmert Co) and
passed through a 0.20 pm Minisart RC 25 filter. The con-
centration of boron in solution was determined by spec-
trophotometry, using the azomethine-H method [19].
Four classes of experiments were conducted:

1) pH dependence: the pH value of the adsorption sys-
tem (1.0 g adsorbent and 100 ml of the test solution:
[B] =0.55 mg/l) was varied between 4 and 12, by
addition of perchlorate acid (HCIO,, Aldrich Co) or
sodium hydroxide (NaOH, Aldrich Co).

2) Temperature dependence: the temperature of the
sorption systems was varied between 25 and 70°C
and after an equilibration time of three days at each
adjusted temperature measurements were carried
out. Amount of adsorbent (10 g/1), initial boron con-
centration (0.55 mg/1) and pH in the test solutions
(100 ml) were kept constant.

3) Dependence on the initial boron concentration: the
concentration of the adsorbate in the test solutions
was varied between 0.1 and 7 mg/1, while a prefixed
amount of adsorbent (adsorbent dosage = 1 g per 100 ml
equivalent to 10 g/1) was weighted into 100 ml poly-
ethylene screw capped bottles.

4) Dependence on the amount of adsorbent: various
amounts of adsorbent (between 0.05 and 2.5 g) were
weighted into a 100 ml polyethylene screw capped
bottle, containing 100 ml of the test solutions. The
concentration of the adsorbate in the test solutions
was kept constant at 0.55 mg/1.

3. Results and discussion
3.1. pH

Fig. 1 shows the relative amount of boron adsorbed
(B,,) on iron-oxide as a function of pH, at three differ-
ent ionic strengths. Moreover, Fig. 1 shows the pH area
where the surface of the solid is predominantly positive
or negative charged (point of zero charge, pzc ~ 8) and
the area where boric acid (H,BO,) or borate (B(OH);) are
the dominant boron species in solution. The optimum pH
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Fig. 1. Effect of pH on the removal efficiency of boron by
iron-oxide. Conditions: amount of iron-oxide = 10 g/1, initial
boron concentration 0.55 mg/1 and temperature 22 + 3°C.

for the removal of boron by iron-oxide is found to be close
to the pzc value from 7 to 9 with a maximum at about
pH 8 and this value agrees well with values given in the
literature [20]. This pH value is close to the pzc value of
iron-oxide and is somewhat lower than the pK (9.2) of
the boric acid, indicating that the optimum conditions for
boron removal occur when the surface has no charge and
boric acid is the predominant species in solution.

This sorption behaviour is similar to the sorption
behaviour of boron onto alumina, amorphous iron
oxide, kaolinite, hematite and goethite and supports
the mechanism involving a Lewis acid/base reaction of
H,BO, at the surface of the adsorbent resulting in the for-
mation of an inner-sphere complex [20-22]. The adsorp-
tion mechanism is schematically shown in Fig. 2 and
results in two possible surface complexes. The bi-dentate

HO\B /OH
H,0
om Ho_ OH T2
j
OH OH OH OH o] OH
| | — ] | |
Fe. F Fe Fe. Fe. Fe.
o
B
OH o o
| | |
Fe. Fe Fi

Fig. 2. Proposed mechanism for the adsorption of boric acid
on iron-oxide surface, at pH 8.

complex (2) is expected to be dominant at low boron
concentrations, whereas the mono-dentate complex (1)
is favoured at increased boron concentrations. Below
pH 8 the surface sites become protonated, dissociation
of the boric acid at the surface is unlikely to occur and
thus the efficiency of boron removal is decreasing. At
pH > 9, the surface is negative charged and repels borate
anions which are at this pH area the dominant species
in solution, resulting in lower removal efficiency. These
results indicate that the adsorption of boron is affected
by both the distribution of boron species and the type
and/or number of active sites of the adsorbent that may
vary with pH changes. The experiments of pH variation
have shown that the optimum pH for boron adsorption
on iron-oxide is at 8 and thus the following experiments
have been performed at this pH.

3.2. Temperature

The effect of temperature on boron adsorption on
iron-oxide was investigated at three different ionic
strengths and various temperatures in order to validate
the adsorption mechanism and estimate the apparent
thermodynamic parameters (AG°, AH° and AS°). The
thermodynamic parameters of the sorption reaction such
as the free energy (AG°®), enthalpy (AH®) and entropy
(AS°) were determined using the Egs. (2) and (3):

AG® = —RT InKy (2)
and
In K, = AS AH 3)

2.303R  2.303RT

where T is temperature in Kelvin, R is the gas constant
and K is the equilibrium constant of the adsorption
reaction defined as:

4= [Bads] (4)

[Bag]

where [B_, ] is the amount of boron (in mg) adsorbed on
iron-oxide per liter of the solution at equilibrium, and
[Baq] is the equilibrium concentration (in mg/1) of boron
in solution.

The values of AH° and AS° were obtained from the
slop and the intercept of the van’t Hoff plot of InK, vs
1/T, respectively. The graphical presentation of the van't
Hoff plot is shown in Fig. 3 and the thermodynamic data
evaluated are summarized in Table 1.

Negative values for AG® indicate that the adsorption
is a spontaneous process. Furthermore, adsorption of
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Fig. 3. Van't Hoff plot of the adsorption of boron by iron-
oxide. Conditions: amount of adsorbent=10 g/, initial
boron concentration 0.55 mg/1 and pH 8.

Table 1
Thermodynamic data of the boron adsorption on Fe(O)OH

AH° AS°®
(kJ/mol) (J/Kmol)

AG°® (KkJ/mol)

298K 303K 313K 323K 333K 343K

-15.5 -35.5 -49 -47 -44 -40 -37 -33

boron on iron oxide is based on surface complexation
by species exchange, that is enthalpy-driven and the
entropy effect is of minor importance. The almost simi-
lar thermodynamic values evaluated for the three dif-
ferent ionic strengths support the assumption that the
boron adsorption on iron-oxide is based on inner-sphere
complexation. In contrast to inner-sphere complexes,
the stability of outer-sphere complexes, which are based
on electrostatic interactions, are strongly affected by
increasing ionic strength [23].

3.3. Boron concentration and amount of the adsorbent

The effect of the boron concentration on the adsorp-
tion efficiency of iron-oxide is shown in Fig. 4. Accord-
ing to Fig. 4 the removal efficiency of is higher at lower
boron concentrations ([Baq]) and this effect can be
ascribed to the gradual occupation of certain types of
active sites on iron-oxide where boron is adsorbed pref-
erentially. Applying the Langmuir isotherm model on
the experimental data results in a maximum adsorption
capacity of about 0.03 mol/kg. The corresponding value
for alumina is 0.04 mol/kg [21] and is somewhat higher
because of the higher surface area of the former.
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Fig. 4. Isotherm of the adsorption of boron by iron-oxide.
Conditions: amount of iron-oxide = 10 g/1, pH 8, background
electrolyte 0.1 M NaClO; and temperature 22 + 3°C.
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Fig. 5. Correlation between surface active sites and boron
species adsorbed by iron-oxide. Conditions: Initial boron
concentration 0.55 g/1, pH 8, ionic strength 0.1 M NaClO,,
amount of adsorbent 10 g/1 and temperature 22 + 3°C.

In Fig. 5 the adsorbent dosage is expressed in moles
of active surface sites, as determined by the Lang-
muir isotherm. The removal efficiency (with initial
boron concentration of 0.55 mg/l) increases linearly
with increasing adsorbent dosage. The linear correla-
tion between the moles boron adsorbed and the moles
of active surface sites presents a slope close to 1 and
indicates the formation of 1:1 complexes between boric
acid or borate anions and the active surface sites. This
behaviour is similar with boron adsorption on alumina,
which also results in the formation of 1:1 inner-sphere
complexes [21].
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3.4. Stability of surface complexes

As already mentioned, the sorption of boron by iron-
oxide occurs through the formation of inner-sphere sur-
face complexes. These complexes are formed by acid/
base interactions between of the boric acid and the
hydroxyl groups of the surface. The boric acid, which is
the predominant boron species under the given condi-
tions in solution acts as the Lewis acid and the hydroxyl
groups of the surface as the Lewis base. Schematically,
the sorption of boron by the solid surface is illustrated
in Fig. 2. Hereby the surface of the iron-oxide particles
acts as cation exchanger, which binds boron through the
oxygen active sites. In terms of a chemical equation, the
interaction of the boric acid with Fe(O)OH is described

by Eq. (5):

B(OH)3 + (=F8*OH)2 o (=Fe_0*)2 5
BOH + 2H,0 ©®)

and the corresponding equilibrium constant is given by
Eq. (6)

[(=Fe—O-),BOH]

= 6
[B(OH); - [(=Fe-OH),| ©
at pH 8 Eq. (6) can be reformulated:
B = [(=Fe-0-),BOH] @)
[B(OH);] - [(=Fe-OH);]
0.5 T
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Fig. 6. log([(=Fe—-O-B(OH),]/[(=Fe-OH)]) as a function
of log[B(OH),]. The data were obtained from photometric
measurements in aqueous solutions containing 10 g/1 iron-
oxide at different boron concentrations, 0.1 M NaClO, as
background electrolyte and at 22 + 3°C under normal atmo-
spheric conditions.

where, B° is the conditional formation constant, [(=Fe—
0-),BOH] is the concentration of the complexed boron
and equals to the total boron concentration (initial
boron concentration) minus the non-complexed boron
concentration determined by photometry. The non-
complexed boron concentration equals to the boric acid
concentration ([B(OH),]) in solution because the latter
is the predominant species under the given conditions.
[(=Fe-OH),] is defined as the total concentration of
active sites on the solid surface minus the complexed
active sites ([(=Fe-OH),]=[(=Fe-OH),] ~[(=Fe-O-),
BOHY]). The total concentration of active sites ([(=Fe-
OH)], ) corresponds to the total number of the surface
sites available for boron complexation and is determined
using the Langmuir isotherm. Taking the logarithm and
rearranging Eq. (7) results in Eq. (8):

o ([(zFe—O—)QBOH]

[(=Fe_OH), ] ] = log " + n-log(IB(OH);])

(8)

The intercept of the line described by Eq. (8) corre-
sponds to the logarithmic value of the conditional con-
stant (logf") and the value of the slope corresponds to the
stoichiometric factor of [B(OH),], which here by defini-
tion equals to unit. Fig. 6 presents the experimental data
in a log([(=Fe-O-),BOH])/([(=Fe-OH),]) vs log[B(OH),]
diagram. Linear regression analysis of the experimental
data obtained at pH 8 based on Eq. (8) results in a logf8" of
45+0.1 and in slope of 1.0£0.1. The value of the slope
is consistent with the equation proposed for the surface
complexation of boron by iron-oxide. On the other hand
comparing the value of the formation constant for the
adsorption of boron on iron-oxide (logB" of 4.5) with the
corresponding data for the adsorption of boron on alumina
(logB'=4.5) [21], reveals a similar affinity of the two oxides
for boron, indicating similar type of surface complexes
(e.g., inner-sphere complexes). Although there are sev-
eral papers dealing with the adsorption of boron on iron
oxides, there are no formation constants given for compari-
son. However, reports on similar behavior between alumi-
num- and iron-oxides indicate that the similar values of the
formation constants could be correct [13,20].

4. Conclusions

The results obtained from this study lead to the fol-
lowing conclusions:

e The optimum pH for boron removal by sorption on
iron-oxide is pH ~ 8

e The adsorption is based on inner-sphere complex-
ation and is an exothermic reaction.
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® The maximum removal capacity, which is calculated
from the Langmuir isotherm, is found to be 0.03 mol/kg.

® The formation constant of the boron surface com-
plexes has been evaluated from experimental sorption
data and is equal to logB’ = 4.5, indicating an increased
affinity of the iron-oxide for boric acid.

e Jron-oxide is an important adsorbent for boric acid,
which could affect the chemical behaviour and migra-
tion of boron in natural environment, and in industrial
water treatment processes related to boron removal.

Acknowledgement

We thank the University of Cyprus for financial
support.

References

[1] N.N.Greenwood and A. Earnshaw, Chemistry of the Elements;
second edition, Butterworth-Heinemann: Oxford, UK, 1 (1997)
139-215.

[2] M. Del Mar de la Fuente Garcia-Soto and E.M. Camacho, Boron
removal by means of adsorption with magnesium oxide, Sep.
Purif. Technol., 48 (2006) 36.

[3] W. Bouguerra, A. Mnif, B. Hamrouni and M. Dhahbi, Boron
removal by adsorption onto activated alumina and by reverse
osmosis, Desalination, 223 (2008) 31.

[4] O. Okay, H. Guclu, E. Soner and T. Balkas, Boron pollution
in the Simav River, Turkey and various methods of boron
removal, Water Res., 19 (1985) 857.

[5] W. Choi and KY. Chen, Evaluation of Boron removal by
adsorption on solids, Environ. Sci. Technol., 13 (1979) 189 .

[6] Y. Magara, A. Tabata, M. Kohki, M. Kawasaki and M. Hirose,
Development of boron reduction system for sea water desali-
nation, Desalination, 118 (1998) 25.

[7] B.-C.Kim, PVX. Hung and S—H, Moon, Boron removal from
seawater by combined system of seawater reverse osmosis
membranes and ion exchange process: A pilot-scale study,
Desalin. Water Treat., 15 (2010) 178.

[8] T.Ennil Kose, H. Demiral and N. Ozturk, Adsorption of boron
from aqueous solutions using activated carbon prepared from
olive bagasse, Desalin. Water Treat., 29 (2011) 110.

[9]

[10]

(11]

(12]

(13]

[14]

(15]

[16]

(17]

[18]

(19]

[20]

(21]

[22]

(23]

A. Demetriou and 1. Pashalidis / Desalination and Water Treatment 37 (2012) 315-320

A. Saiba, S. Kourdali, B. Ghernaout and D. Ghernaout, In
desalination, from 1987 to 2009, the birth of a new seawater
pretreatment process: Electrocoagulation-an overview, Desa-
lin. Water Treat., 16 (2010) 201.

S. Goldberg, Reactions of boron with soils, Plant and Soil, 193
(1997) 35.

R. Keren and U. Mezuman, Boron adsorption by clay minerals
using phenomenological equation, Clays Clay Miner., 29 (1981)
198.

E. Couch and R.E. Grim, Boron fixation by illites, Clays Clay
Miner., 16 (1968) 249.

S. Goldberg and R.A. Glaubig, Boron adsorption on alumin-
ium and iron oxide minerals, Soil Sci. Soc. Am. J., 49 (1985)
1374.

S. Goldberg, H.S. Forster and E.L. Heick, Boron adsorption
mechanisms on oxides, clay — minerals, and soils inferred
from ionic - strength effects, Soil Sci. Soc. Am. J., 57 (1993) 704.
L.D. Corwin, S. Goldberg and A. David, Evaluation of a func-
tional model for simulating boron transport in soil, Soil Sci-
ence, 164 (1999) 697.

S. Chunming and D.L. Suarez, Coordination of Adsorbed
Boron: A FTIR Spectroscopic Study, Environ. Sci. Technol., 29
(1995) 2551.

D. Peak, W. Luther and D.L. Sparks, ATR-FTIR spectroscopic
studies of boric acid adsorption on hydrous ferric oxide, Geo-
chimica et Cosmochimica Acta, 67 (2003) 302.

W. Stumm, Chemistry of the Solid-Water Interface: Processes
at the Mineral-Water and Particle-Water Interface in Natural
Systems, Wiley-Interscience, N. York, 1992.

H. Rump and H. Krist, Laboratory Manual for the Examination
of Water, Waste Water and Soil, 2nd Edition, Verlag Chemie,
Weinheim, 1992.

S. Goldberg, Reanalysis of Boron Adsorption on Soils and
Soils Minerals Using the Constant Capacitance Model, Soil Sci.
Soc. Am. J., 63 (1999) 823.

M. Konstantinou, G. Kasetta and I. Paschalidis, Boron adsorp-
tion on alumina (Al,O,) and magnesia (MgO) in aqueous solu-
tions: a comparative study, Int. J. Environmental Technology
and Management, 6 (2006) 466.

E. Lemarchand J. Schott and J. Gaillardet, How surface com-
plexes impact boron isotope fractionation: Evidence from Fe
and Mn oxides sorption experiments, Earth Planet. Sci. Lett.,
260 (2007) 277.

S. Ahrland, Thermodynamics of the Stepwise Formation of
Metal-Ion Complexes in Aqueous Solutions, in Structure and
Bonding, J.D. Dunitz et al. eds, Springer-Verlag, New York , 15
(1973) 167.





