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ABSTRACT

The presence of excessive amounts of boron (B) in water resources can endanger the health
of organisms in an ecosystem. In this study, B removal from aqueous solutions was investi-
gated using natural easily available materials including bentonite, kaolinite, zeolite, waste
calcite, and residues of wheat, rice, and green shell of walnut as native and chemically mod-
ified with FeCls. The optimum values of pH and contact time for the B sorption were deter-
mined before isotherm experiments. The maximum sorption of B by mineral sorbents was
observed at pH 9, while it was obtained at pH 7 for walnut shell and rice residues and at
pH 8 for wheat residues. The optimum time obtained for mineral sorbents and organic sor-
bents was 24 and 48 h, respectively. The values of pHzpc measured for chemical sorbents
were higher than those for organics. The sorption isotherms were performed using opti-
mum parameters at three CaCl, concentrations as background electrolytes. Increasing CaCl,
concentration caused to increase in B sorption. The chemical modification of sorbents by
FeCl; had a positive significant effect on B sorption. The fit of Freundlich and Langmuir
models to the experimental data was very well. The largest B sorption capacity among the
mineral and organic sorbents was, respectively, observed in the waste calcite and rice resi-
dues. However, the extent of the B sorption by organics was much higher than by minerals.
Therefore, the use of organic materials to remove excess amounts of B from water resources
can be considered as an available, cost-effective, and environmentally friendly strategy.
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1. Introduction

Boron (B) compounds are widely used as raw
materials in many industries such as fiberglass
insulation, borosilicate glass, detergents, and even agri-
cultural fertilizers. Increasing use of B in the industry
and the subsequent discharge to the environment
through industrial wastes is a serious threat for ecolog-
ical systems, humans, animals, and plants. Therefore,

*Corresponding author.

the release of B to the environment can be occurred
through the addition of waste waters resulted from
glass, coal, and metal smelting factories as well as the
application of agricultural fertilizers [1].

Although B is an essential nutrient required by
plants in small amounts, its excessive amount has
harmful effects on growth of many agricultural prod-
ucts. The World Health Organization (WHO) has
given a recommendation of below 2.4 mg B L™ for the
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quality of drinking water [2]. Boron removal from
water and waste waters is performed in order to
reduce B concentration to the optimum range. The
exchange resins, reverse osmosis, and activated carbon
are common techniques for B removal despite the high
costs. One of the most important characteristics for B
removal is that the process must be cost-effective and
easily available [3].

Sorption is a cost-effective process used for
removal of a constituent from a multi component solu-
tion. There have been several investigations on the
development of inorganic and organic selective sor-
bents for B and its adsorptive properties. Some of
these sorbents used for B removal are pyrophyllite [4],
some acidic soils [5], amorphous aluminum and iron
oxides, allophane, kaolinite [6], hydrous ferric oxide
[7], chitosan resin modified by saccharides [8], acti-
vated carbon [9], and clays and soils [10].

A significant fraction of boron can be bound by
mineral surfaces present in the natural systems. Iron
(hydr)oxides usually exhibit a strong affinity for oxya-
nions and may play an important role in boron
adsorption due to the high surface area. Therefore, it
seems the chemical modification of organic and min-
eral sorbents by iron components can increase their
efficiency for B sorption.

Factors influencing the B sorption include pH, ini-
tial concentration of adsorbate, time, sorbent concen-
tration, temperature, and chemical properties of the
sorbent material. The relative abundance of main spe-
cies of B in aqueous systems is pH dependent. B
exists as trigonal unassociated boric acid complex
[B(OH)]S in acidic to slightly alkaline pHs, but it con-
verts to the tetragonal borate anion complex [B(OH)],
in alkaline pHs. The ligand exchange with surface
hydroxyl groups and the subsequent formation of
inner-sphere complexes is the main mechanism for
the B sorption, so pH plays an important role in the
chemical speciation of B in solution, and protonation
and deprotonation of reactive surface sites of
sorbents.

There is an increasing interest in the preparation
of low-cost sorbents for water treatment, so usage of
natural and abundant materials can be effective in
reducing cost of the removal processes. The purpose
of this study was to investigate the B removal from
aqueous solutions using natural easily available
materials including bentonite, kaolinite, zeolite, waste
calcite, and residues of wheat, rice, and green shell
of walnut as native and modified forms. Batch
experiments were performed to determine the effects
of several parameters such as initial solution concen-
tration, pH, contact time, and ionic strength on
B removal.
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2. Materials and methods
2.1. Mineral sorbents
The mineral sorbents used were bentonite,

kaolinite, zeolite, and waste calcite collected from
power plant in Hamedan, Western Iran. Sorbent was
air-dried and then ground until they passed through a
2 mm sieve. The pH, electrical conductivity (EC), and
soluble cations and anions were measured in a 1:5
native sorbent to distilled water extract.

The chemical modification of mineral sorbents was
performed using 0.1 M FeCl; solution. 500 mL of this
solution was added to 50 g of sorbents previously acid
washed. After shaking for 1 h, pH of suspensions was
adjusted on 9 using 6 M NaOH solution and then they
were equilibrated for 24 h. After centrifuging and
decanting the upper extracts, the sorbents were
washed with distilled water until EC of extracts
reached to <50dSm™' and the color of leachates
became lighter than the initial status [11].

2.2. Organic sorbents

Three organic materials including residues of wal-
nut green shells and straw, stubble, and not harvested
parts of wheat, and rice were oven-dried at 70°C,
crushed, and then passed through a 2 mm sieve. The
pretreatment of sorbent before using for sorption
experiments was carried out by adding 2L of 0.1 M
NaOH to 100 g of organic residues. After 2 h of shak-
ing, the suspensions were centrifuged and then the
supernatants were gradually replaced with 2 L of dis-
tilled water. After shaking for 30 min and decanting
the water, the residues were oven-dried at 50°C for
24 h and ground until they were passed through a
2 mm sieve [12]. The chemical modification of organic
residues with FeCl; was similar to mineral sorbents.

The pH values of zero point charge (ZPC) of native
and modified forms of mineral and organic sorbents
were determined using method given by Rivera-
Utrilla et al. [13].

2.3. Optimizing pH for B removal by native sorbents

In order to optimize pH, 50 g L™" of native mineral
sorbents [14] was equilibrated with solutions contain-
ing 12 mg B L™" (prepared from boric acid) at different
pHs ranging from 5 to 10 for 24 h. The adjustment of
pH was performed by adding appropriate amounts of
0.1 M HCl and NaOH solution. The values of solid to
liquid (S:L) ratio and the initial B concentration
used for organic sorbents were 2g L! [15] and
62 mg B LY respectively. After equilibrium, the
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suspensions were centrifuged and upper extracts were
collected for the measurement of the equilibrium B
concentration using Azomethine-H method [16].

2.4. Optimizing contact time for B removal by native
sorbents

In order to optimize the contact time, the experi-
ments were performed using shaking times of 1, 3, 6,
12, 24, and 48 h. The values of S:L ratio and the initial
B concentration were 50gL”™' and 12mgBL7,
respectively, for mineral sorbents, while they were
correspondingly 2g L™ and 62mgBL™" for organic
sorbents. pH of solutions was adjusted on the opti-
mum value obtained from the previous step.

2.5. B sorption isotherm

The sorption isotherm experiments were carried
out using solutions containing 7-120 mg B L™". The S:
L ratios were the same with the Section 2.3, and pH
and contact time was adjusted on optimum values
obtained from the Section 2.4. In order to investigate
the effect of ionic strength on B sorption, the isotherm
solutions were prepared in the presence of 0.001, 0.01,
and 0.1 M CaCl, as background electrolyte. The
empirical isotherm models were used in order to dem-
onstrate the fit between experimental and modeled
data. The most common isotherm models used to
describe B sorption on oxides, clay minerals, and soils
are Langmuir and Freundlich equations [17] with
following equations, respectively:

_ KLCe Qmax

T 1+K.C. M

Qe

Q. = KgCI/" )

where Q. is B adsorbed (mg g™, C. is the equilibrium
B concentration (mg L™, Qmax is the maximum B
sorption capacity of sorbent (mgg™'), K. is the
Langmuir sorption constant (L mg™'), Kr and n are
Freundlich equation constants.

2.6. Physical characterization of sorbent surface

The scanning electron microscopy (SEM) measure-
ments were performed using SEM (model: Philips
XL30). All samples were of an appropriate size to fit
in the specimen chamber and are generally mounted
rigidly on a specimen holder called a specimen stub.

M. Jalali et al. | Desalination and Water Treatment 57 (2016) 8278-8288

Samples were cleaned ultrasonically using solvents
like acetone or ethanol and then dried using oven or
hot plate. Some electrically conductive black carbonic
glue was placed on the specimen stub, as it covered
the lower part of the sample. The surface of samples
was coated with a gold coating of 10 nm thickness
using sputtering method. The specific surface area of
native sorbents was determined using Brunauer—
Emmett-Teller (BET) method based on the nitrogen
gas adsorption.

3. Results and discussion
3.1. Effect of pH on the B sorption

Fig. 1 indicates that pH strongly influences the B
sorption on mineral and organic sorbents. Increasing
pH from 5 to 9 caused to increase in the B sorption by
mineral sorbents, while the more increase resulted in
decreasing B sorption (Fig. 1(a)). So, pH 9 was the
optimum pH for the maximum B sorption by mineral
sorbents used. The maximum B sorption by waste cal-
cite at pH 9 was higher than that observed in other
mineral sorbents. At pH 9, 43% of B in solution is in
the form of B(OH), and this species includes about
87% of total adsorbed B [18]. On the other hand, the
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Fig. 1. The effect of pH on B sorption by native mineral
(@) (SL ratio: 50g L™, Cp: 12 mg BL™) and organic
(b) (S:L ratio: 2 g L™, Cp: 62 mg B L") sorbents.
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net negative charge of edge surfaces of clay minerals
at this pH can be favorable for ligand exchange
between B(OH), and surface hydroxyl groups, as the
affinity of the sorption sites for B(OH), is much
higher than that for unassociated H3;BO; [18-20].

Goldberg and Glaubig [21] reported that the maxi-
mum B removal from solution using three clay miner-
als including montmorillonite, illite, and kaolinite
occurred at pHs 8-10, whereas the B sorption
decreased with increasing pH from 10 to 12. The effec-
tive B removal by many sorbents has often been
reported at pHs 6-9 [22-25], in that the concentration
of OH™ is low enough to compete with B(OH), which
may be present in solution (pK,=9.24). Keren and
Mezuman [19] studied B sorption by some clay miner-
als and reported that the maximum sorption occurred
under alkaline conditions at pHs 9.0-9.7. Ichikuni and
Kikuchi [26] suggested that the B sorption on CaCOj;
can likely occur through the precipitation of poorly
soluble calcium borate, B replacement with the carbon
in CaCQO;, and the B sorption on CaCOj surfaces. They
also concluded that the main mechanism of B reten-
tion by CaCO; was sorption. In contrast with them,
Hobbs and Reardon [27] indicated that B uptake by
calcite mainly occurred through the co-precipitation
process.
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Fig. 2. The effect of contact time on B sorption by native
mineral (a) (S:L ratio: 50gL71, Co: 12 mgBLfl, equilib-
rium time: 24 h) and organic (b) (S:L ratio: 2gL™, Cy:
62 mg B L™, equilibrium time: 48 h) sorbents.
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The maximum B sorption by walnut shell and rice
residues occurred at pH 7, while the optimum pH for
B removal by wheat residues was pH 8 (Fig. 1(b)). The
comparison of Figs. 1 and 2 indicated that capacity of
organic sorbents for B sorption was much more than
mineral ones. The maximum values of B sorption by
waste calcite and rice residues at the optimum pH
were, respectively, about 0.24 and 2.88 mgg '. Liu
et al. [15] reported that the optimum pH for the maxi-
mum B sorption by the cotton cellulose was 7.
Lemarchand et al. [28] indicated that the B sorption by
humic acid reached to the maximum at 5<pH <9
and decreased sharply at pH >9.

The change in the B sorption by pH is mainly due
to the pH-dependence of protonation and deprotona-
tion of reactive surface functional groups of clay min-
erals and organic materials. The increased pH causes
to increase in: (1) negative surface charges on sorbents
mainly attributed to the hydroxyl groups and (2) dis-
sociation of H3;BO; to B(OH), in solution which has
more affinity to replace with surface OH™ groups
through ligand exchange process. However, at
pH>10, the concentration of OH ions in solution
reaches to a level in that B(OH), ions are not able to
compete for surface adsorbing sites.

3.2. Effect of contact time on the B sorption

Fig. 2(a) indicates that the B sorption by mineral
sorbents reaches to the maximum value after a contact
time of 24 h between solid and solution phases and
subsequently there is no significant change in the
quantity of B removal from the solution. Short-term
experiments indicated that the optimum contact time
for the B sorption was less than 2 h for montmorillon-
ite and kaolinite, and 24 h for illite [14,19]. However,
they used 24 h as equilibration time for sorption iso-
therm experiments. Keren et al. [18] also reported that
the B sorption equilibrium occurred during one day.

Fig. 2(b) demonstrates that the B sorption equilib-
rium is established after 48 h for organic sorbents. The
kinetic experiments by Lemarchand et al. [28] indi-
cated that the B sorption by humic acid reached to the
equilibrium within one day. However, they used two
days as a typical contact time for the B sorption exper-
iments. Dionisiou et al. [29] found that the equilibrium
time was dependent on the initial B concentration and
ranged from 6h (for B<10mgL™) to 48h (for
B>50mgL™"). Liu et al. [15] reported that the opti-
mum contact time for the maximum B sorption by the
cellulose cotton was 4 h.

Furthermore, Fig. 2 shows that the rate of B sorp-
tion is faster during the first 12 h indicating the B
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sorption on mineral and organic sorbents is initially a
fast process and then becomes slower. Initially, the
surface hydroxyl groups on the clay particle edges
form B complexes through ligand exchange process.
At the second step, B is slowly replaced by silicon and
aluminum in tetrahedral sheets of clay minerals [30].
Ligand exchange is the main mechanism for the B
sorption by organic sorbents. As different functional
groups on organic surfaces mainly including carbox-
ylic and phenolic acids vary in protonation and depro-
tonation constants, the rate of the B sorption changes
with the time of reaction and may follow a two-(or
multi) step process.

3.3. B sorption isotherms

The B sorption isotherms for native and modified
forms of mineral and organic sorbents at three CaCl,
concentrations as background electrolytes are pre-
sented in Figs. 3 and 4, respectively. The results indi-
cated that the effect of ionic strength on the B sorption
by all sorbents was relatively small at lower initial B
concentrations, but it increased with increasing initial
B concentration. The comparison of native and modi-
fied mineral sorbents at three background electrolyte
concentrations showed that the largest amount of
adsorbed B, which corresponded to the greatest initial
B concentration (120 mg L"), was observed in the
waste calcite, while it did not significantly differ
among three clay minerals. Keren and Mezuman [19]
reported that the extent of the B sorption by clay min-
erals followed this order: kaolinite < montmorillonite
<illite. The hydroxyls are the most reactive surface
functional groups on the edge surfaces of clay miner-
als. These functional groups are associated with Al
and Si ions located on the octahedral and tetrahedral
sheets, respectively. The hydroxyl groups associated
with Al at the edge of the octahedral sheet act as
Lewis acids. So, they can form an inner-sphere surface
complex with H* at low pH values or with OH™ at
high pH values. At the edge of the tetrahedral sheet,
hydroxyl groups are individually coordinated to Si**
cations. Therefore, the hydroxyl groups on octahedral
sheets are the most likely available sites for the B
sorption at pH 9. The ligand exchange is the main
mechanism for the specific B sorption on the clay sur-
faces in that the adsorbed species displaces OH™ from
the surface and forms covalent bonds with the struc-
tural Al. The distance between two adjacent hydroxyls
in the octahedral sheet of the edge surface (0.22 nm) is
nearly similar to the distance between two adjacent
hydroxyls in the H3BO3; molecule (0.23 nm) and in the
borate ion (0.19 nm) [31]. Therefore, B may form either
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Fig. 3. B sorption isotherms for native and modified min-
eral sorbents in 0.001 (a), 0.01 (b), and (¢) 0.1 M CaCl,
solutions (S:L ratio: 50 g L™, Cp: 7-120 mg BL™", equilib-
rium time: 24 h).

two bonds or a single bond with the structural Al of
clay minerals [32].

Ichikuni and Kikuchi [26] suggested that the B
sorption on the CaCOj; can likely occur through: (1)
the precipitation of the poorly soluble calcium borate,
(2) the B replacement with carbon in CaCOj3, and (3)
the B sorption on CaCO; surfaces. The B sorption by
CaCOj; occurs as two different types: (1) the electro-
static reaction of B(OH), ions with positively charged
sites on calcium carbonate and (2) the formation of a
hydrogen bond between H3;BOj and carbonate [26].
Furthermore, B co-precipitation by calcite may be
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anticipated which increases with increasing B concen-
tration in solution [27].

The characterization results of mineral sorbents
(Table 1) indicated that the pH values of ZPC of ben-
tonite and in particular kaolinite were lower than the
optimum pH for B removal (pH 9), so their surfaces
were negatively charged. On the other hand, pH val-
ues below 9.24 are favorable for the sorption of H;BOJ
as the predominant species on the mineral surfaces.
The calcite surface was positively charged because of
pHzpc > 9. Therefore, the B sorption by calcite may
occur through three processes: (1) the electrostatic
sorption of not dominant B(OH), species at pH 9 on
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positively charged sites, (2) the sorption of H3;BOj as
dominant B species at pH 9 through hydrogen bond
with carbonate, and (3) co-precipitation of B by calcite.

The significant increase in the B sorption was
observed in modified mineral sorbents in comparison
with unmodified ones (Fig. 3). The pHzpc of modified
bentonite, calcite, kaolinite, and zeolite were 8.0, 9.0,
8.8, and 8.5, respectively. So, the chemical modification
of mineral sorbents resulted in decrease in pHgzpc
except for kaolinite. However, the values of pHzpc <9
for all modified mineral sorbents resulted in formation
of surfaces with net negative charges and the subse-
quent preferential sorption of the predominant H;BO
species. Furthermore, the modification of sorbents
with Fe may cause to form hydrous ferric (oxy)
hydroxides reported as important for the B sorption
[6,33,34]. Sims and Bingham [35] indicated that the
amount of the B sorption by kaolinite and montmoril-
lonite modified by Al and Fe was much more than
that by unmodified clay minerals.

Figs. 3 and 4 indicate that the B sorption by min-
eral and organic sorbents increases with increasing the
background electrolyte concentration. The increase in
the B sorption on clays with increasing ionic strength
of the solution has been previously reported [14,32].
The salt concentration is an effective factor in the B
sorption due to the influence on the surface charge of
minerals having pH-dependent charge [36]. At pH<
ZPC, the increase of electrolyte concentration results
in increasing the net positive charge on the surface,
while at pH > ZPC, it causes to increase the negative
charge. Therefore, the increasing pH gradually results
in decreasing the sorption of anions due to the reduc-
tion in the surface potential [37]. The compression of
the diffuse double layer affected by increasing ionic
strength causes to increase in the movement of
B(OH), ions toward adsorbing sites located on the
edge surfaces [32]. The increase in the sorption as a
result of increased ionic strength indirectly indicates
the formation of inner-sphere complexes [38].

The B sorption on mineral sorbents did not corre-
late with the specific surface area given in Table 1.
This indicated that the other surface parameters
including the type of reactive sites, the site density,
and the amount of the surface charge may have more
effect on the B sorption. The SEM images (Fig. 5) indi-
cate that the surface of bentonite is composed of very
fine needle-shaped crystals stuck together, while the
surface of kaolinite and zeolite consists of layers
tightly packed. The surface of waste calcite comprised
of rough and irregular particles.

The largest B sorption (corresponded to
120 mg B L™!) among organic sorbents was obtained in
rice residues except for its native form at 0.001 M CaCl,
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EE |2 RINEZ|Z2p2Z2 describe the B sorption on clay minerals [30,40,41],
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Fig. 5. SEM images of native mineral sorbents: (a) bentonite [50], (b) kaolinite, (c) zeolite [51], and (d) waste calcite [52]

humic acids [42], calcite [43], magnesia [29], calcined
alunite [24], and clinoptilolite with and without ZrO,
[25]. The maximum sorption capacity (Qmax) ranged
from 0.51 to 1.60 mgg ' for mineral sorbents and
varied from 559 to 9.26 mgg ' for organic ones.
These results were in accord with the values reported
in previous investigations. For example, the

maximum sorption capacity (mg g~') reported for cal-
cined alunite, humic acid, fly ash, neutralized red
mud, activated sepiolite, Mg-Fe hydrotalcite, and
bentonite was 3.39, 2.02, 20.9, 5.99, 178.60, 3.60, and
2.53, respectively [24,28,44-48]. In addition to natural
sorbents, the commercial sorbents such as boron-
selective resins have been used. Gazi and Bicak [49]
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Fig. 6. SEM images of native organic sorbents.

reported that the pH-dependant B sorption capacity
of an organic polymer varied from 930 to
18.16 mg g~ at pHs ranging from 2 to 8. However,
the goal of this study was to investigate the effi-
ciency of natural mineral and organic components for

L1
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Walnut shell residues

‘Wheat residues

Ll

50 um

B removal from aqueous solutions. According to the
results, it can be said that the cheap and easily avail-
able organic components can be widely used to
remove high concentrations of B from various water
resources.
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Table 2
The parameters obtained from fit of Freundlich and Langmuir models to experimental adsorption data in 0.1 M CaCl,
solution
Adsorbents Freundlich Langmuir

KL Qmax

n Kg R? SE (L mg™") (mgg™ R? SE
Bentonite 2.40 0.07 0.98 0.038 0.05 0.51 0.95 0.016
Waste calcite 1.66 0.06 0.94 0.087 0.04 1.05 0.96 0.006
Kaolinite 1.94 0.05 0.97 0.050 0.05 0.60 0.98 0.006
Zeolite 1.97 0.05 0.94 0.070 0.04 0.53 0.95 0.016
Bentonite-Fe 1.56 0.04 0.97 0.060 0.03 0.83 0.98 0.005
Waste calcite-Fe 1.50 0.07 0.98 0.041 0.03 1.60 0.95 0.003
Kaolinite-Fe 2.09 0.10 0.96 0.058 0.08 0.80 0.99 0.004
Zeolite-Fe 1.82 0.05 0.96 0.064 0.04 0.76 0.95 0.019
Rice residue 1.95 0.76 0.92 0.100 0.04 9.26 0.98 0.001
Walnut shell 1.99 0.61 0.96 0.065 0.04 7.04 0.99 0.001

residue

Wheat residue 2.16 0.57 0.95 0.066 0.04 5.59 0.98 0.001
Rice-Fe 2.07 0.90 0.96 0.063 0.05 9.17 0.99 0.000
Walnut shell-Fe 1.85 0.48 0.97 0.054 0.03 7.58 0.95 0.002
Wheat-Fe 1.97 0.52 0.95 0.061 0.04 6.06 1.00 0.000

4. Conclusions

This study showed that the B sorption by natural
mineral and organic sorbents was significantly
affected by pH of solution, pHzpc of sorbents, the con-
tact time between sorbate and sorbents, and ionic
strength. Two empirical isotherm equations including
Freundlich and Langmuir models fitted well to the
experimental data. We concluded that both H;BOJ and
B(OH), species were adsorbed at optimum values of
pH through the ligand exchange process. The waste
calcite and rice residues adsorbed the greatest amount
of B among the mineral and organic sorbents, respec-
tively. However, the extent of B sorption was much
higher in organic sorbents relative to the mineral ones.
The B sorption by organic matter can be important in
surface water reservoirs (seawater, groundwater, and
soil waters) having either abundant organic surfaces
or significant boron concentrations.
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