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ABSTRACT

About 5mg/L boron are present in seawater. Excessive boron is harmful to living beings so,
boron removal is extremely essential in seawater desalination process. Mg/ Al double-layered
hydroxides (Mg—-Al-LDHs) materials, which show excellent boron removal properties, were
synthesised by chemical co-precipitation method in this paper. The effects of molar ratio of
Mg/ Al, concentration of solution, reaction time and temperature, drying time and tempera-
ture on boron removal capacity were evaluated. All the experimental conditions had an
influence on boron removal capacity by affecting the degree of crystallinity and crystallite
size. The concentration of solution has a notable effect on boron adsorption property of
LDHs. The products calcined in 450°C had a better boron removal capacity. The best adsorp-

tion capacity for boron was 33 mg/g.
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1. Introduction

Boron is widely distributed in both the hydro-
sphere and lithosphere of natural environment in the
form of complex compounds combining with oxygen
and other elements. Boron and boride are extensively
used in chemical, metallurgical, electronics, medicine,
national defense and other industrial department,
such as flame retardants, detergents, wood preserva-
tives, antifreeze and micronutrient fertilizers and so
on [1]. As an essential nutrient, boron plays an impor-
tant role for human beings, animals and plant growth
in the appropriate quantity range. Boron is essential
for the development of an embryo for at least verte-
brates and relating to immune function of organisms
and bone metabolism [2,3]. For plants, boron is a
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structural component of primary cell walls and helps
to form neat structure of the cell wall which provides
stability to the cell wall matrix. Boron also is involved
in lignifications, membrane transports, enzyme inter-
actions, nucleic acid synthesis, phenol and carbohy-
drate metabolism, and the transport of sugar, polyol
and hydroxy acid [4]. Though boron is essential for
living beings in many ways, it becomes toxic when
the amount of boron is slightly greater than require-
ment. So the intakes need to be tightly controlled. The
standards or guidelines about boron concentration of
drinking water had been established by various envi-
ronmental regulation organisations [5]. For example,
World Health Organisation (WHO) has set 2.4mg/L
of boron as the limit in drinking water. Meanwhile,
“for most of the world, the concentration of boron in
drinking water is judged to be below 0.5mg/L".
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The researches of boron removal from wastewater
and seawater are always meaningful tried by a range
of technologies including adsorption [6-8], ion
exchange [9], electrocoagulation [10], chemical precipi-
tation [11], Donnan dialysis [12] and so on. The meth-
ods of boron selective resin, membranes and
adsorption membranes filtration were researched and
applied widely in recent years. Boron removal capac-
ity was improved by grafting a boric acid chelating
group, i.e. N-methyl-D-glucamine in the researches of
boron selective resin treatment, also optimal operating
parameters, such as pH, temperature and so on, were
investigated. The prime of membranes methods were
nanofiltration (NF) and reverse osmosis (RO) mem-
branes. The researching emphases were ameliorating
membranes characters and exploring optimal pH,
operating temperature and operating pressure. Recent
years, one of development tendency of boron removal
technology was the integration of multiple methods,
which can make use of the advantages of different
methods. Adsorption membrane filtration (AMF) is
getting more and more attention. The AMF process
has been identified as a promising boron removal
method with high performance and low operation
cost [13]. The main advantage of AMF was utilising
the high absorptive selectivity of boron selective resins
(BSR) and the simple operation of membrane filtration
process. All of these techniques have advantages and
disadvantages, and the selection of which should be
based on the treatment efficiency and operating cost.

Another development trend of boron removal
methods is using natural materials and inorganic
materials. Among these materials, double-layer
hydroxides (LDHSs) is receiving more and more atten-
tion in recent years because it is environment-friendly,
cost-effective, safe and harmless. LDHs or hydrotal-
cites are types of synthetic anionic clays, and their
structure can be represented by the general formula
MID; _ MU, (OH)> A" )y /-mHLO, in  which both
divalent (M(II)) and trivalent cations (M(III)) give pos-
itively charged sheets. The positive charge is balanced
by intercalation of anions (A"") in the hydrated inter-
layer regions. The interlayer anion together with the
stoichiometric coefficient (x) may be varied over a
wide range, giving a range of isostructural materials
[14]. LDHs have been used as adsorbent of phosphate
in pharmaceutical application, base-catalyst and inor-
ganic anion-exchanger for adsorption of various
anions, such as F~, CI”, Br~, NO; and HPOZ’ [15,16].
The boron absorption properties were also studied
[17-20]. Recently, organic and inorganic hybrid mate-
rials with new functions based on layered compounds
have also been focused the spotlight of attention [21].
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Although LDHs as boron removal adsorbent were
researched to some extent, the effects of synthetic con-
ditions and adsorption conditions on the boron
adsorption capacity had not been investigated system-
atically. So, Mg-Al-(NO;)-LDH for boron removal
was prepared by chemical co-precipitation method in
the present work. The synthetic conditions, including
reacting temperature and time, molar concentration,
mole ratio and drying condition, were investigated in
detail. At the same time, the utilisation of LDHs in
seawater desalination process was also investigated.

2. Experimental
2.1. Materials preparation

Al (NO3); and Mg (NOg3), were selected as alumin-
ium and magnesium source, and NaOH solution was
alkaline source. The different concentrations of boron
solution were prepared with boric acid and distilled
water. Curcumin used as the analysing reagent of
boron concentration with ethanol (95%).

2.2. Sample preparation

The LDHs containing Mg/Al were prepared by
co-precipitation method. At first, a mixed solution of
Al, (NO3z); and Mg (NOs3), was prepared with Al
(NO3); and Mg (NOs3), in given concentrations (Cyy)
and Mg/Al molar ratio. Then the mixed solution was
slowly added into NaOH solution under stirring at
40°C. The temperature was elevated to a given value
and kept constant. The final products were separated
by centrifugation and washed five times by distilled
water. Finally, the products were dried, calcined,
grinded and kept for testing. All the experimental
condition parameters could be adjusted according to
experiment requirements.

2.3. Boron removal tests

1.0g adsorbent was added into 100ml of
1,000mg/L boron solution and was stirred 10h then
the supernatant liquor was centrifuged. The boron
concentration of the solution was analysed by acid—
base titration (B > 100mg/L) and curcumin spectro-
photometry (B<100mg/L) [22]. And the adsorption
capacity could be calculated by the following
equation:

Q= (G —C)V/m (1)

where Q is boron removal capacity, mg/g; Cy is the
boron concentration before adsorption, mg/L; C; is
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the boron concentration after adsorption, mg/L; V is
the volume of boron solution, L; and m is the quantity
of adsorbent, g.

2.4. Characterisation

Powder X-ray diffraction (XRD) patterns were
obtained with a Rigaku 2500 PC (Japan) using CuK,
radiation (k=1.5406 A) radiation at 40mA and 40kV
and a scanning rate of 12min' at an interval of 0.02°".
The particle morphology of LDHs was observed by a
high-resolution scanning electron microscope (HIT-
ACHI 5-4800 SEM) at an accelerating voltage of
3.0kV. The elemental composition was determined by
scanning electron microscope—energy dispersive X-ray
spectrometer (SEM-EDS).

3. Results and discussion
3.1. The effects of molar ratio of Mg/Al

The effect of molar ratio of Mg/Al on adsorption
capacity was investigated and the results were shown
in Fig. 1. The adsorption capacity was nearly constant
when the molar ratio of Mg/Al was between one and
four, which was a little smaller when molar ratio of
Mg/Al was out of the range. When molar ratio of
Mg/Al was two, the adsorption capacity was larger
compared with others. The affiliated number of -OH
by Mg and Al were different due to their charge, so
the molar ratio has an effect on the reaction ratio
between metal positive and hydroxide ions.

To investigate the effects of molar ratio of Mg/Al
on the LDHs crystal structure, the products when the
molar ratio of Mg/Al was 2-4 were analyzed by XRD
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Fig. 1. Effect of molar ratio of Mg and Al for boron removal
(Cp: 2mol/L, reaction time: 3 h, reaction temperature: 90°C,
drying time: 24 h, drying temperature: 100°C).
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system, and the results were shown in Fig. 2. The
characteristic peaks became sharper with the increas-
ing of molar ratio of Mg/Al, which indicated the crys-
tals regularity was increased. The aluminum ion in
the octahedral center was affected by the oxygen weak
field, the stabilisation of corresponding crystal field
and the stabilisation of complexes of aluminum ion
with oxygen declined. When the molar ratio of Mg/Al
increased, the aluminum content on layer board
reduced. Because the structure stability was strength-
ened, the diffraction peak intensity in XRD spectrum
diagram increased and the peak became harp gradu-
ally. The regularity of crystals was increased with the
molar ratio of Mg/Al increasing from two to four.
However, the boron removal capacity had not chan-
ged apparently, so it could be concluded that boron
removal were not only affected by crystals regularity,
but also some other facts.

3.2. The effect of concentration of the mixed solution

The effect of the mixed solution concentration of
Al (NOs3); and Mg (NO3), on adsorption capacity was
shown in Fig. 3. The largest boron adsorption capacity
was 17.4mg/g when the concentration of the mixed
solution was 2mol/L, it was indicated that the pro-
portion between the hydroxyl ions and cation (Mg**,
AI**) had an important influence on boron removal. A
non-constant pH method was used in this paper, in
which the mixed solution (2mol/L) was dropped into
the sodium hydroxide solution. That is to say, fixed
quality OH and different quality cation (Mg>*, AI**)
were added in reactions, so the ending the pH of reac-
tion was different when changing the cation concen-
tration. The influence of concentration on boron
removal could be regarded as the influence of pH.
The pH does not only influence the solubility of sol-
utes and crystal growth rate, but also change the
growth of elementary structure, finally decided the
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Fig. 2. XRD analysis of different molar ratio products.
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Fig. 3. Effect of concentration for boron removal (Mg/Al:
2, reaction time: 3h, reaction temperature: 90°C, drying
time: 24 h, drying temperature: 100°C).

crystal structure, size and beginning temperature of
crystallisation [23]. When pH was 10, the boron
removal capacity of products was more satisfactory in
some references.

The XRD analysis results were shown in Fig. 4.
The peaks became broad and short with the increasing
of concentration and when the peak intensity
decreased. When the concentration was different in
solution, the degree of supersaturation was changed
in the reaction process, which has an obvious effect
on the regularity of crystal. Growth rate of crystal was
faster in the high degree of supersaturation, but flaw
of crystal structure was also easy to be formed. In the
low degree of supersaturation, growth rate of crystal
was relatively slow and crystal structure was inte-
grated. So it was beneficial to the growth of the
crystal, and the neat structure and greater size crystals
could be obtained. Oppositely, the higher concentra-
tions were helpful for nucleation process. The struc-
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Fig. 4. XRD analysis products of different concentration.
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ture regularity of crystals prepared became worse and
particle size was smaller compared to the one in the
low concentrations. It was indicated that the adsorp-
tion capacity was the highest in this study when the
concentration was 2mol/L so it could be concluded
that both of the particle size and regularity of crystals
could influence the capacity of boron removal.

3.3. The effect of reaction temperature and time

The effect of reaction temperature on boron
removal was shown in Fig. 5. The adsorption capacity
increased with temperature from 50°C to 90°C,
whereas it was declined slightly when the temperature
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Fig. 5. Effect of reaction temperature for boron removal
(Cm: 2mol/L, Mg/Al: 2, reaction time: 3h, drying time:
241, drying temperature: 100°C).
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Fig. 6. Effect of reaction time for boron removal (Cy:
2mol/L, Mg/Al: 2, reaction temperature: 90°C, drying
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Fig. 7. The effect of different hydrothermal condition.

was higher than 90°C. The influence of reaction time
on boron removal was revealed in Fig. 6. The adsorp-
tion capacity was the optimal when the reaction time
was 3h in the range of experimental value 2-13 h.

A series of complicated changes of particles would
be occurred in the process of reacting precipitation.
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Small particles dissolved to disappear gradually, large
particles grew and mean particle sizes increased
finally. The other change was that the amorphous
structure transformed into crystalline ones. Reaction
temperature and time affected boron removal capacity
by influencing particle size and regularity, simulta-
neously. Prolonging reaction time, the crystal structure
of the products became more regular, and the charac-
teristic peaks on the XRD spectrum diagram become
sharper. High temperature was beneficial to the crys-
tal growth, but the effect of temperature on crystal
regularity of products was ambiguous. According to
the experimental results, the reaction temperature
90°C and the reaction time 3 h was best.

Degree of crystallinity reflects a crystal structure
ordering. A good degree of crystallinity is accompa-
nied by an increase of crystallite size in most cases. In
general, the higher temperature and the longer time in
reaction, the higher degree the crystallinity of products
and the bigger the crystallite size. The boron removal
capacity of products was related to crystallinity and
crystallite size. The selected reaction temperature and
time should insure a higher crystallinity and smaller
crystallite size, which was helpful to boron removal.

(c)24h

(d) 36h¢

Fig .8. SEM photographs of LDH prepared at different reaction time.
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A hydrothermal synthesis experiment was carried
out to confirm former conclusion. Hydrothermal syn-
thesis method was tested at different reaction time
and different mixing patterns. The adsorption capacity
of products prepared by hydrothermal synthesis
method was shown in Fig. 7. The adsorption quanti-
ties reduced with reaction time, and the products pre-
pared by direct mixing had weaker adsorption
capacity than products prepared by dropwise mixing.

The best of boron removal capacity was 12h from
the adsorption data in Fig. 7. The sizes of particles
prepared by hydrothermal synthesis method were
shown in Fig. 8. The particle sizes become bigger and
more uniform with time increasing. Degree of crystal-
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Fig. 9. Effect of drying temperature (Cy: 2mol/L, Mg/Al:
2, reaction temperature: 90°C, reaction time: 3h, drying
time: 24 h).
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linity was high and crystallite size was smaller from
SEM photos (Fig. 8(b)) compared with others. Com-
bined with adsorption data and SEM photos, the
affecting facts of adsorption capacity were degree of
crystallinity and crystallite size.

3.4. The effect of drying temperature and time

The effect of drying temperature and time was
demonstrated in Figs. 9 and 10. The adsorption
capacity increased with prolonging drying time and
rising drying temperature to some extent. The reason
could be concluded from the following two aspects.

On one hand, the drying conditions has an obvi-
ously influence on the corresponding surface tension
of products, which induce to an agglomerate among
some particles. Then the related application characters
of particle surface would be affected. In the process of
boron removal, surface adsorption was the prime
principle of removing boron. Once agglomerate phe-
nomenon happened, the particle size would become

Table 1
Effects of calcinations and mixing method

Calcinations
temperature (°C)

Adsorption
capacity (mg/g)

Directly mixing Without calcining 11.53
350 20.61
450 17.24
Dropwise mixing  Without calcining  16.72
350 23.98
450 21.39
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Fig. 10. Effect of drying time (Cy: 2mol/L, Mg/Al: 2,
reaction temperature: 90°C, reaction time: 3h, drying
temperature: 100°C).
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Fig. 11. XRD analysis of calcinations a: directly mixing,
without calcining; b: dropwise mixing, without calcining;
a-350: directly mixing, calcined under 350°C; b-350:
dropwise mixing, calcined under 350°C; a-450: directly
mixing, calcined under 450°C; b-350: dropwise mixing,
calcined under 450°C).
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Fig. 12. SEM-EDS images of the products.

big and the specific surface area decreased. All of
these reduce the adsorption site between boron and
adsorbent, finally boron removal capacity decrease.

On the other hand, the water molecules are easier
to be taken off in higher temperature, so there is more
space for boron adsorption. However, while the tem-
perature was beyond a certain value aggregation hap-
pened, which could reduce specific surface area of
particles and be adverse to adsorption for boron, so
an optimal drying temperature was required. The dry-
ing temperature of 100°C was considered to be appro-
priate from the experimental results in this paper. In
the same way, water could be removed more
completely by prolonging drying time and 24 h is long
enough.

3.5. The effect of calcination

Results of different calcinations temperature and
mixing method were showed in Table 1. The adsorp-
tion capacity of calcined products was superior to the
one without calcining, and products prepared by
dropwise mixing were better than the one prepared
by direct mixing. The XRD results of those products
are shown in Fig. 11. There were motley peaks of
NaNO; in the XRD spectrogram of both non-calcina-
tion products, and the peaks disappeared by calcina-
tion, which showed that NaNO; had decomposed at
high temperature. The peaks of MgO appeared in the
XRD spectrogram of 450°C calcination products. It
was produced from the partial decomposition of
LDHs when the temperature was higher than 400°C.
The decomposition of products was the reason of
decrease of adsorption capacity.

3.6. SEM-EDS analysis of LDHs

The products were analysed by scanning electron
microscope-energy dispersive X-ray spectrometer

1925

keV

(SEM-EDS). In SEM-EDS analysis, back scattered
images by SEM were observed and the elemental
compositions were analysed with EDS. An example
spectrum was shown in Fig. 12, and the elemental
composition data for product in Table 2. The main ele-
ments contained in products were O, Mg and Al, the
atom ratio of Mg/Al was two. The atom number of O
element (73%) was excess the demanded number
(63%) of the Mg and Al It was demonstrated that
hydroxide was the major form of oxygen in LDHs.
And the oxygen existed in form of bound water
between the layers maybe is another one. There were
also a small amount of carbon and nitrogen elements
existing in form of CO;~ and NO; in the products,
though those elements were not detected because of
little content beyond limit of detection. In addition,
oxygen element also existed in crystal water.

Table 2

SEM-EDS results for products

Element Weight (%) Atom (%)
(@) 63.37 73.15

Mg 23.55 17.89

Al 13.08 8.96
Table 3

Composition of seawater and desalted water

Ions Seawater (mg/L) Desalted water (mg/L)
Cl- 19,350 210

soi* 2,710 9

HCOj; 140 2

B 5

Na* 10,770 130

Mg** 1,290

Ca®* 410 1
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3.7. Boron removal tests of seawater and desalted water

The LDHs were synthesised in selected conditions
and were tested for boron removal in seawater under
different pH values. The composition of seawater was
shown in Table 3 and the results were shown in
Fig. 13. The boron removal ratios were increased
slightly with the increase of pH value when the pH
value was lower than nine. However, the boron
removal ratio was not more than 40%. When the pH
value was adjusted to more than nine, the flocks of
Mg (OH), was appeared which had influence on the
adsorption of boron, which could also be shown in
Fig. 13. A scaling would be induced under high pH
value when LDHs was used in seawater desalination
process. So the pH value for boron removal should
not be higher than nine when it was used as a
pretreatment.

From the result in Fig. 13, it was indicated that the
salts in water has significant effect on the boron
removal which induce to lower removal ratio. There
were so many ions in seawater which had interference
with the process of boron removal. So using LDHs as
the pretreatment of seawater desalination in the
removal of boron may be is not a suitable choice. The
boron removal test on desalted water was carried out.
The composition was shown in Table 3. The results of
boron removal of Mg-Al (NO;) LDHs for desalted
water were showed in Table 3.

The boron removal ratio was almost above 90% in
the desalted waster (Table 4), and the value was not
influenced by the boron concentration. The difference
between these two water types was indicated the ion
interference was an important factor on the absorption
of LDHs. So, in seawater desalination process, LDHs
should be used as a post-treatment technology to
enhance the boron removal ratio.
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Table 4
Rates of boron removal from different boron concentration
desalted water

Boron concentration 195 408 7.1 8.6 9.9
(mg/L)
Rates of boron

removal (%)

9436 95.83 9592 94.07 87.78

4. Conclusions

The Mg-Al (NO;) LDH for boron removal was
prepared by chemical co-precipitation method in this
paper. The effect of molar ratio of Mg/Al, the calcined
products were superior to non-calcinations, products
dropwise mixing were better than products in direct
mixing. The appreciate calcination temperature was
350°C. The factors affecting boron removal capacity
were crystallinity and crystallite size. All of the inves-
tigated preparation conditions affected boron removal
capacity through affecting the products crystallinity
and crystallite size. The maximum adsorption capacity
of the LDHs was 33mg/g.

Acknowledgement

The authors are grateful for the financial support
from the important technical innovation project of
Hebei province (122767027), Programme for Changji-
ang Scholars and Innovative Research Team in
University (IRT1059), and science and technology
project of Hebei province (12273101, 13273102D).

References

[1] N. Kabay, E. Giiler, M. Bryjak, Boron in seawater and meth-
ods for its separation: A review, Desalination 261 (2010)
212-217.

[2] C.D. Hunt, Dietary boron: Progress in establishing essential
roles in human physiology, J. Trace Elem. Med. Bio. 26(2-3)
(2012) 157-160.

[3] FH. Nielsen, The nutritional importance and pharmacologi-
cal potential of boron for higher animals and humans, boron
in plant and animal nutrition, Kluwer Academic/Plenum
Publishers, New York, 2002, pp. 37-49.

[4] V.M. Dembitsky, R. Smoum, Natural occurrence of boron-
containing compounds in plants, algae and microorganisms,
Plant Sci. 163(5) (2002) 931-942.

[5] WHO, Boron in drinking water — Background document for
development of WHO guidelines for drinking water quality,
2009.

[6] A. Majidi, R. Rahnemaie, Adsorption and desorption pro-
cesses of boron in calcareous soils, Chemosphere 80(7) (2010)
733-739.

[7] A. Demetriou, I. Pashalidis, Adsorption of boron on iron in
aqueous solutions, Desalin. Water Treat. 37 (2012) 315-320.

[8] T.E. Kose, H. Demiral, N. Oztiirk, Adsorption of boron from
aqueous solutions using activated carbon prepared from olive
bagasse, Desalin. Water Treat. 29 (2011) 110-118.

[9] N. Kabaya, S. Sarpa, M. Yuksel, Removal of boron from
SWRO permeate by boron selective ion exchange resins con-
taining N-methyl glucamine groups, Desalination 223(1-3)
(2008) 49-56.



J. Liu et al. | Desalination and Water Treatment 52 (2014) 1919-1927

[10] Y. Xu, J.Q. Jiang, K. Quil, J. Simon, K. Shettle, Electrocoagula-
tion: A new approach for the removal of boron containing
wastes, Desalin. Water Treat. 2 (2009) 133-140.

[11] A.E. Yilmaz, R. Boncukcuoglu, M.M. Kocakerim, A quantita-
tive comparison between electrocoagulation and chemical
coagulation for boron removal from boron-containing solu-
tion, J. Hazard. Mater. 149(2) (2007) 475-481.

[12] E. Kir, B. Gurler, A. Gulec, Boron removal from aqueous
solution by using plasma-modified and unmodified anion-
exchange membranes, Desalination 267(1) (2011) 114-117.

[13] N. Hilal, G.J. Kim, C. Somerfield, Boron removal from saline
water: A comprehensive review, Desalination 273(1) (2011)
23-35.

[14] F. Cavani, F. Trifiro, A. Vaccari, Hydrotalcite-type anionic
clays: Preparation, properties and applications, Catal. Today
11(2) (1991) 173-301.

[15] N. Viswanathan, S. Meenakshi, Selective fluoride adsorption
by a hydrotalcite/chitosan composite, Appl. Clay Sci. 48(4)
(2010) 607-611.

[16] G. Yan, S.H. Zhang, Study on the property of Al-Mg hydro-
talcite adsorption to chloride ion, J. Qinghai Univ. Nat. Sci.
29 (2011) 20-26.

1927

[17] J.-Q. Jiang, Y. Xu, K. Quill, Laboratory study of Boron
removal by Mg/Al double-layered hydroxides, Ind. Eng.
Chem. Res. 46 (2007) 4577-4583.

[18] L. Kentjono, J.C. Liu, W.C. Chang, C. Irawan, Removal of
boron and iodine from optoelectronic wastewater using Mg-
Al (NO;) layered double hydroxide, Desalination 262 (2010)
280-283.

[19] O. Pastor Ferreira, S. Gomes de Moraes, N. Duran, Evaluation
of boron removal from water by hydrotalcite-like compounds,
Chemosphere 62 (2006) 80-88.

[20] A. Nedim Ay, B. Zumreoglu-Karan, A. Temel, Boron removal
by hydrotalcite-like, carbonate-free Mg-Al-NO3-LDH and a
rationale on the mechanism, Microporous Mesoporous Mater.
98 (2007) 1-5.

[21] H. Nakayama, N. Wada, M. Tsuhako, Intercalation of
amino acids and peptides into Mg—Al layered double hydroxide
by reconstruction method, Int. J. Pharm. 269(2) (2004) 469-478.

[22] ASTM Standard D3082-09, Standard Testmethod for Boron in
Water, ASTM International, West Conshohocken, PA,
doi:10.1520/D3082-09, www.astm.org, 2009.

[23] Du. Yibo, Li Feng, He Jing, Study on factors affecting structure
of hydrotalcite, J. Fuel Chem. Technol. 25 (1997) 449-453.


http://www.astm.org



