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ABSTRACT

Layered double hydroxides (LDHs) with a molar ratio of 3:1, which contain different divalent met-
als (Zn-LDH, Mg-LDH, and Ca-LDH), were synthesized. They were calcined at 500°C (Zn-CLDH,
Mg-CLDH, and Ca-CLDH) for borate removal. The characterization of different CLDHs before and
after adsorption of boric acid was performed by XRD, FTIR, and SEM. For Ca-CLDH (3:1), the main
removal mechanism was the formation of ettringite with borate, which is the same as Ca-CLDH (2:1).
However, the latter has a much higher adsorption of borate than the former, because for Ca-CLDH
(2:1), the amount of ettringite produced during regeneration is more than that of Ca-CLDH (3:1). For
Zn-CLDHs (3:1 and 2:1), borate was removed completely by ion exchange and intercalation. However,
the adsorption rate of Zn-CLDH (2:1) is higher than that of Zn-CLDH (3:1), even though the final
adsorption capacity is similar. In addition, Zn-LDH (2:1) containing polymerized boron formed in a
short time, but as the reaction progresses, more Zn-LDH (3:1) containing polymerized boron is gradu-
ally formed. For two ratios of Mg-CLDHs, borate was first immobilized on the surface of metal oxide
by electrostatic adsorption and then entered the interlayer of Mg-LDHs by intercalation, resulting in a
decrease in borate concentration. However, Mg-LDH (3:1) has a faster and better adsorption of borate
than Mg-LDH (2:1), and the structure regeneration time of Mg-CLDH (3:1) was shorter than that of
Mg-CLDH (2:1). Therefore, when using CLDHs for boron removal, the metal type and ratio of LDHs
should be considered.
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1. Introduction

As one of the essential micronutrients, boron is
important for plants, animals, and humans [1-3]. However,
in recent years, boric acid has been widely used as an
important raw material in various industries, releasing
a large amount of boron compound into the environ-
ment [4]. In addition, the removal of borate in seawater
for production of drinking water is difficult and expensive
because of its excellent water solubility [5,6]. Therefore,
it is essential to develop an effective method for borate
removal [7].

* Corresponding authors.

Different methods have been developed for the removal
of borate from a solution, such as ion-exchange, coagulation
and electrocoagulation, reverse osmosis, and sorption method
[8-12]. Some new materials and technologies have also been
extensively studied for environmental remediation [13-16].
Among these methods, the adsorption method is useful and
advantageous than other methods because it produces less
waste during processing and also involves lower costs [17]. At
present, layered double hydroxides (LDHs), especially its cal-
cinated products (CLDHs) are considered as one of the effec-
tive sorbents for borate removal. The mechanism of borate
immobilized by calcinated LDHs has been summarized

1944-3994/1944-3986 © 2019 Desalination Publications. All rights reserved.



S. Xu et al. / Desalination and Water Treatment 155 (2019) 296-310 297

by Theiss et al. [18]; structural regeneration and capture of
anions are the primary mechanisms for the high-efficiency
absorption of borate in CLDHs. In 2014, Isaacs-Paez et al. [19]
reported that the borate removal by CLDHs is a more complex
process, and other reactions might occur between CLDHs
and borate during the structure regeneration. Based on the
sorption mechanisms reported by Demetriou et al. [20] and
Sasaki et al. [21], the reactions between Zn-Al-CLDH, Mg-Al-
CLDH, and Ca-Al-CLDH with borate are actually a complex
process that involves the interactions among CLDHs, newly
generated LDHs, borate, and OH™ [22]. Among them, the pre-
dominant mechanism of borate removal with Zn-Al-CLDH
is through anion exchange and intercalation. Mg-Al-CLDH
immobilizes borate into Mg(OH), first through surface com-
plexation and electrostatic attraction and then attracts borate
as the interlayer anionic layer into the new structure of Mg-Al-
LDH. However, the main removal mechanism of borate with
Ca-Al-CLDH involves the formation of borate-containing
ettringite from the dissolved ions of Ca-Al-LDH. In previous
study, the molar ratio of divalent metal ions to trivalent metal
ions is 2:1, but when the molar ratio becomes 3:1, the aver-
age metal-oxygen bond lengths, metal-oxygen—-metal bond
angles, and average interatomic distances are changed. These
changes affect the microstructure and stability of LDHs by
Yan et al. [23,24]; thus, the structural change in these LDHs
may cause some differences in removing borate. Based on the
above understanding, the following studies were performed.

In this study, (1) the LDHs (3:1) containing different biva-
lent metal ions are calcined to adsorb boron; (2) the solids
obtained before and after the adsorption are characterized;
(3) the detailed mechanism and schematic diagram for the
adsorption of borate with different CLDHs are given; (4) the
adsorption behavior and mechanism of different CLDHs
with molar ratios of 2:1 and 3:1 are compared.

2. Experimental method
2.1. Chemicals

Magnesium nitrate hexahydrate (Mg(NO,),-6H,0), cal-
cium nitrate tetrahydrate (Ca(NO,),4H,O), zinc nitrate
hexahydrate (Zn(NO,),-6H,O), aluminum nitrate nonahydrate
(AI(NO,),"9H,0), urea (CON,H,), boricacid (H,BO,), and sodium
hydroxide (NaOH) were used in special grade as received from
WAKO (Osaka, Japan) without further purification.

2.2. Preparation of LDHs with different divalent metals

The similar method [25] was introduced for preparing
LDHs with divalent metals of Zn and Mg [Zn-LDH (3:1)
and Mg-LDH (3:1)]. AI(NO,),"9H,O (3.09 g) and M*" salt
(Mg(NO,),6H,0, 6.15 g; Zn(NO,),,6H,O, 7.14 g) and urea
(4.90 g) were dissolved in a beaker to form a clear solution
with a total volume of 50 mL. Then, the solution was trans-
ferred into a Teflon vessel, which was placed on an oven at
100°C for 36 h. After that, the slurry was separated by cen-
trifugation at 10,000 rpm for 10 min, and the products were
rinsed with deionized water and then dried for overnight.
A high alkaline condition (pH > 11.5) was required for the
LDHs with Ca as the divalent metal so that Ca-LDH cannot
be synthesized using the urea method. Microwave-assisted
method was used for preparing Ca-LDH (3:1). A solution

containing a certain amount of Ca(NO,),4H,0 (5.67 g) and
AI(NO,),,9H,O (3.09 g) in a molar ratio of 3:1 was added to
50 mL of 0.5 mol/L NaNO, solution; the pH was adjusted to
12 with 2 mol/L NaOH. The resulting slurry was transferred
into the Teflon vessel and placed in a Milestone Ethos Plus
microwave oven. The temperature was increased to 150°C
within 10 min and was kept at that temperature for 3 h
and then naturally cooled to room temperature. The cooled
slurry was subjected to solid-liquid separation through
super-centrifugation at 10,000 rpm for 10 min and washed
with ultrapure water (Synergy UV, Millipore, USA) sev-
eral times. The solid residues were then dried overnight in
a vacuum freeze drier. Before sorption experiments, all the
LDHs were calcined at 500°C for 3 h, so that Zn-CLDH (3:1),
Mg-CLDH (3:1), and Ca-CLDH (3:1) were obtained.

2.3. Sorption experiments

Sorption of borate on different calcined products at 500°C
was performed in 2.5 mmol/L H,BO,. The pH of H,BO, solu-
tions was adjusted to 7.0 with 1 mol/L NaOH. For sorption
experiments, 0.100 g of calcined products was added to
40 mL of borate solution, followed by shaking at 100 rpm
and at room temperature using a shaking incubator TB-16R
(Takasaki Kagaku, Kawaguchi, Japan). At certain time inter-
vals, the supernatants were filtered (0.20 um) for the deter-
mination of total concentrations of B, Ca, Zn, Mg, and Al by
inductively coupled plasma-atomic emission spectrometry
(ICP-AES, Optima 8300, Perkin Elmer, Massachusetts, USA).

2.4. Characterization

The crystalline phases of various LDHs were determined
using an X-ray diffractometer (Ultima IV, Rigaku, Japan)
with Cu Ka radiation. The accelerating voltage and applied
current were 40 kV and 40 mA, respectively, with a scanning
speed of 2 min™ and scanning step of 0.02. Fourier transform
infrared (FTIR) spectra were recorded using a FTIR 670 Plus
spectrophotometer (JASCO, Tokyo, Japan). The morphol-
ogies of products calcined at different temperatures were
observed using a VE-9800 scanning electron microscope
(Keyence, Osaka, Japan) at 20 kV accelerating voltage.

3. Results and discussion
3.1. Characterization

Fig. 1 shows the XRD results with different LDHs before
and after calcinations. As shown in Fig. 1(a), the basal
characteristic diffraction peaks of Zn-LDH, Mg-LDH, and
Ca-LDH before calcinations indicate a good crystalline lay-
ered structure. However, the 003 and 006 peaks of Zn-LDH
and Mg-LDH samples disappeared after calcination at 500°C
under air for 3h (Fig. 1(b)), indicating that the layered struc-
ture is damaged at this temperature. For Zn-CLDH and
Mg-CLDH, some broad peaks appeared in the spectrum,
which are ZnO and MgO according to previous literature
[26]. In the meantime, the 002 and 004 peaks of Ca-LDH
also disappeared after calcination. However, some different
peaks appeared in the XRD pattern of Ca-CLDH, which are
assigned to CaO and Ca(OH),. Some other broad peaks are
assigned to Ca,AlO,(OH), in an amorphous phase [27].
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Fig. 1. XRD patterns of Mg-LDH, Zn-LDH, and Ca-LDH (a) before and (b) after calcination at 500°C for 3 h. Symbols: A, Mg-LDH;
A, Mg-CLDH; @, Zn-LDH; <, Zn-CLDH; %, Ca-LDH; o, Ca(OH),; & Cao; vy, Ca Al O

3.2. Sorption of borate

Fig. 2 shows that although adsorption results are simi-
lar, the average degradation rate of Zn-CLDH (3:1) is faster
than Mg-CLDH (3:1). Under the same condition, the ability
of Ca-CLDH (3:1) is the worst. In addition, compared with
previous literature [22], it was found that the borate con-
centration is reduced significantly by Zn-CLDH (3:1) within
8 h (Fig. 2), while the borate concentration is reduced by
Zn-CLDH (2:1) in only 3 h (Fig. S1) [22]. However, borate is
completely removed by Mg-CLDH (3:1) in 8 h, and it takes
48 h for Mg-CLDH (2:1) to achieve the same effect. For
Ca-CLDH (3:1), its ability of borate adsorption is much less
than that of Ca-CLDH (2:1). The adsorption capacities of dif-
ferent boron adsorbents are shown in Table S1. The adsorp-
tion effect of CLDHs is significantly improved and superior
to other adsorbents.

The XRD patterns of Zn-CLDH (3:1), Mg-CLDH (3:1),
and Ca-CLDH (3:1) before and after the sorption of borate
at different times are shown in Fig. 3. As the adsorption time
increases, all CLDHs gradually recover their original struc-
ture and ultimately regenerated into LDHs after 48 h when
the initial boron concentration is 2.5 mmol/L. For Zn-CLDH
and Ca-CLDH, their crystal phase was transformed from
metallic oxide into LDHs within 40 min, whereas Mg-CLDH
needs almost 8 h. Only when the metal oxide dissolves first,
the structure of LDHs can be formed by reprecipitation.
However, the alkalinity and charge of solid oxides have a
certain influence on the dissolution and precipitation rate of
metal ions [28]. The higher alkalinity indicates that the metal
present in the CLDHs is more likely to lose electrons, to
attract OH to neutralize the charge and stabilize its structure.
Therefore, Figs. 2 and 3 show that Ca-CLDH is transformed
rapidly because of a higher basicity. Mg-CLDH has a higher
basicity than Zn-CLDH, but its regeneration time is longer
than that of Zn-CLDH. This is probably related to their mor-
phology, while Zn-CLDH is spherical and Mg-CLDH is flake.

147733°

For Zn-CLDH (3:1), it only takes less than 40 min for most
Zn-CLDH to be transformed into Zn-LDH (Fig. 3(a)), which
is the same as Zn-CLDH (2:1) (Fig. S2) [22]. In the two XRD
patterns, ZnO and Zn-LDH are always present as the reaction
progresses. However, there are two types of Zn-LDHs with
different interlayer spacings present in the spectrum after
3 h. One of the Zn-LDHs with a smaller value is 7.6 A, and
another is ~10.76 A. However, with the increase in reaction
time, Zn-LDH (3:1) with a larger interlayer spacing gradually
increases, and after 48 h, three different crystal phases exist in
the pattern. However, Zn-LDH (2:1) with a larger interlayer
spacing appears at 3 h, and the peak intensity is very high,
but disappears at the next point of time.

For Mg-CLDH (3:1) (Fig. 3(b)), only two types of char-
acteristic peaks are shown in the pattern during the recon-
struction, Mg-LDH and MgO. Moreover, the peaks of MgO
gradually weaken and finally disappear at 48 h; the phase
of Mg-LDH (3:1) appears after 8 h of reaction and gradually
becomes the main phase. However, for [22] in Fig. S3, there
is almost no change in the peaks of MgO in the first 20 h, and
the phase of Mg-LDH (2:1) just appeared after 48 h of reac-
tion. In addition, the concentration of Mg* and boron species
in the solution decreased to a lower level at the same time
(Figs. 2 and S1), which is noteworthy.

Unlike the other two types of CLDHs, Ca-CLDH (3:1) is
completely transformed into Ca-LDH structure within 40 min
(Fig. 3(c)). There are two main diffraction peaks: ettringite [29]
and LDH. However, as the reaction time increases, the relative
peak intensities of Ca-CLDH (3:1) and ettringite hardly change.
However, in Fig. 54, as the phase of Ca-CLDH (2:1) decreases,
the ettringite phase gradually increases. With the increase
time, CaCO, also became a major phase [22]. Therefore, the
amount of ettringite formed by Ca-CLDH (3:1) regeneration is
much smaller than that formed by Ca-LDH (2:1) regeneration.

Fig. 4 shows the FTIR spectra of solid residues before
and after the sorption of borate on different CLDHs to deter-
mine the mechanisms of borate removal. The IR spectra of
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Fig. 2. Changes in (a) B concentrations, (b) divalent cations concentration, (c) Al concentration, and (d) pH during sorption of 2.5 mM
B by Mg-CLDH, Zn-CLDH, and Ca-CLDH. Amount of sorbent: 2.5 g/L; initial B concentration: 2.5 mM; initial pH: 7.0.

three types of CLDHs before and after adsorption had some
changes, indicating that the adsorption of borate leads to the
structural changes.

For Zn-CLDH (Fig. 4(a)) and Mg-CLDH (Fig. 4(b)), broad
peaks at ~3,465 cm™ appeared in the samples before and after
adsorption, which can be assigned to metal-OH stretching
vibrations [30]. The band at ~1636 cm™ can be assigned to
the O-H bending vibration of water molecules. The peak at
~1403 cm™ belongs to the O-C vibration absorption peak,
because of the interference of CO, during the reaction. The
peak at ~1,360 cm™ appearing in the adsorbed spectrum of
Zn-CLDH and Mg-CLDH can be assigned to CO,*, because
the regenerated LDHs adsorb CO,and H,O.

Compared with other CLDHs, the FTIR spectrum of
Ca-CLDH was different (Fig. 4(c)). For Ca-CLDH and
Ca-CLDH-48 h, an absorption peak appears in the region of
3,500-3,700 cm™, which is caused by the stretching vibration
of water molecules and O-H groups in the sample [31]. The
characteristic absorption peak of CaCO, appears at 1,420
cm™'. However, for Ca-CLDH-48h, the corresponding CO,*
vibration appears at about 1,365 and 856 cm™, and the peak

at 1,365 cm™ overlaps with the peak of CaCO,. In addition,
many small peaks appear between 800 and 400 cm™, which
are related to the M-O (or M-O-M) lattice bending vibra-
tions of metal oxides [32].

Fig. 5 shows the SEM pattern of different LDHs and dif-
ferent CLDHs after the adsorption of boron. The morphology
of each LDH is not same, and the changes after the calcined
products adsorb borate are also different. For Zn-LDH (3:1)
(Fig. 5(a)), the morphology is a blossom sphere with flaky
debris; after the calcination and sorption of borate (Fig. 5(b)),
the spherical structure is tighter, but no significant change
was observed in diameter. For the Mg-LDH (3:1) (Fig. 5(c))
and Ca-LDH(3:1) (Fig. 5(e)), before the adsorption, the mor-
phology is a smooth hexagonal sheet-like structure, and some
of them are stacked. However, after the adsorption, the basic
morphology of Mg-CLDH-48h (Fig. 5(d)) did not change, but
its platelets became very rough, while the morphology of
Ca-CLDH-48h (Fig. 5(f)) changed: The size is irregular, and a
small amount of new morphological structure (a needle-like
morphology) appeared that can be assigned to ettringite [33].
However, a large number of rod-like structures also appeared
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Fig. 4. FTIR patterns of (a) Zn-CLDH, (b) Mg-CLDH, and (c) Ca-CLDH before and after sorption 2.5 Mm B under pH 7.0.

in the SEM of Ca-CLDH (2:1) after the adsorption [22]. These
changes in each type of CLDHs are consistent with the pre-
vious XRD results and further indicate that the mechanisms
of boron species removal with Zn-CLDH, Mg-CLDH, and
Ca-CLDH are also different.

Fig. S5(a) shows the survey XPS spectrum of Zn-CLDHs
(3:1) after the adsorption of boron. This clearly shows
that mainly Zn, Al, B, and C are present in the product.
In Fig. S5(b), a peak at 191.47 can be assigned to B-O [34].
The electron binding energy peaks of aluminum (Fig. S5(c))
were well-identified at ~74 eV (Al 2p). The results show
that Al exists as the oxide/hydroxide chemical states. The
major peak has a binding energy of 1021.41eV (Fig. S5(d)),
corresponding to the binding energy of Zn 2p3/2 [35].
Fig. S5(e) shows the high-resolution Cls XPS spectra. Two
peaks of C=0 and C—C/C-H appeared at 284.4 and 289.12 eV,
respectively [36].

Fig. S6(a) shows the survey XPS spectrum of Mg-CLDHs
(3:1) after the adsorption of boron. This clearly shows that
mainly Mg, Al, B, and C are present in the product. As

shown in Fig. S6(b), a peak appeared at 191.51 eV that can be
assigned to the B-O bond [34]. The electron binding energy
peaks of Al and Zn (Figs. S6(c) and S6(d)) are well-identified
at ~74 eV (Al 2p) and 88 eV (Mg 2s), respectively. The results
show that Al and Mg exist in the oxide/hydroxide chemical
states [37]. Fig. S6(e) shows the high-resolution C1s XPS spec-
tra. Two peaks of C=O and C-C/C-H appeared at 284.4 and
288.12 eV, respectively [36].

Fig. S7(a) shows the survey XPS spectrum of Ca-CLDHs
(3:1) after the adsorption of boron. This clearly shows
that mainly Ca, Al, B, and C are present in the product.
As shown in Fig. S5(b), a peak appeared at 191.58 eV that
can be clearly assigned to the B-O bond [34]. The electron
binding energy peak of Al (Fig. S7(c)) is well-identified
at ~74 eV (Al 2p). The results show that Al exists in the
oxide/hydroxide chemical states. In Fig. S7(d), the peaks at
346.79 and 350.32 eV correspond to Ca 2p3/2 and Ca 2p1/2,
respectively [38]. Fig. S7(e) shows the high-resolution Cls
XPS spectra. Two peaks of C=O and C-C/C-H appeared at
284.4 and 289.12 eV, respectively [36].
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Fig. 5. SEM images of (a) Zn-LDH, (b) Zn-CLDH after sorption of B, (c) Mg-LDH, (d) Mg-CLDH after sorption of B, (e) Ca-LDH, and
(f) Ca-CLDH after sorption of B. Insets show the expanded SEM images of particle surface with 1 um of horizontal bars.

3.3. Discussion
3.3.1. Removal mechanism of borate with Zn-CLDH

First, when Zn-CLDH (3:1) (a special bimetallic oxide)
is added to a 2.5 mmol/L borate solution, Zn?* and Al*" are
eluted into the solution, but their concentrations are main-
tained at very low levels (as shown in Fig. 2), the same as
Zn-CLDH (2:1) (as shown in Fig. S1) [22]. Because the ini-
tial pH of borate solution is 7 and the pKa of Zn(OH), is 6.1,
which is lower than that of Mg(OH),, under these conditions,
Zn* is more likely to react with OH- to form a hydroxide pre-
cursor than Mg? and can react with AI** more quickly to form
ZnAl-LDH. The result of experiment is also the same (Fig. 3);
this also applies to Zn(Mg)-Al-LDH (2:1)(Fig. S1) [22].

According to the small interlayer spacing of regenerated
Zn-LDHs and the result of FTIR, within 40 min of reaction, it
is known that the intercalated anion in Zn-LDHs is CO,* or
OH’; the process are shown in Egs. (1) and (2) [39].

Zn,AlO, ,+4.5H,0 = Zn,Al(OH) -OH 1)

Zn,AlO,, +CO,* +45H,0 = Zn,Al(OH)_-CO,* + OH" (2)

In the meantime, Zn-CLDHs are also transformed into
Zn-LDHs through boron species in the solution, as expressed

by Eq. (3).

Zn,AlO, +B(OH), +45H,0 =
Zn,Al(OH), -B(OH), + 30H"

6

®)

However, the positive charge carried by its host layer
requires a large amount of interlayer anions for neutraliza-
tion. Therefore, during the regeneration, the boron species in
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the solution are aggregated to cause polymerization, chang-
ing the interlayer anions. At this time, the pH of solution is ~9
(Fig. 2).The process is shown in Egs. (4)—(6).

B(OH), = B(OH),+OH" (4)

4

2B(OH), +2B(OH), = B,0,(OH) +5H,0 5)

.
4Zn,Al(OH), -B(OH), = [ Zn,Al(OH), | -B,O,(OH),

+2Zn,Al(OH), -OH + 5H,0 ©)

Because the ionic sizes of B,O,(OH),* are larger than OH"
and B(OH), , Zn-LDH (3:1) with larger layer distances are
formed after 8 h as shown in the XRD pattern (Fig. 3), and
the corresponding diffraction peak intensity increases slowly
as the reaction occurs. However, Zn-LDH (2:1) with a larger
layer spacing was formed at 3 h, and its diffraction peak is
strong [22]. However, this peak almost disappeared in the
subsequent spectrum, because B,O,(OH),> decomposed into
B(OH), and B(OH),™ in the anionic layers of LDHs (as shown
in Fig. S2).

In the meantime, the composite metal oxide continues to
transform into Zn-LDHs as the reaction time increases; more
LDHs can accommodate a large amount of boron species, fur-
ther decreasing the borate concentration. However, it takes
more than 8 h for the boric acid to be completely adsorbed
by Zn-CLDH (3:1), while Zn-CLDH (2:1) only takes 3 h to
achieve better results.

Through the above analysis, the following conjecture can
be made. Because of the structure regeneration of Zn-CLDH
(3:1), B(OH),” and B(OH), enter the interlayer, but a large
number of electrostatic adsorption sites gradually increases
the size of interlayer ions, resulting in the partial polymer-
ization of boric acid. The borates are gradually adsorbed in
a polymer and free form. The adsorption site of regenerated
Zn-LDH (2:1) is relatively scattered, because less metal ions
are present on the laminate than Zn-LDH (3:1). Therefore, it
takes some time to polymerize boric acid due to weak elec-
trostatic adsorption force. Therefore, a large amount of boric
acid polymerizes in a short time, so that the borate concen-
tration rapidly decreases by Zn-CLDH (2:1) at 3 h of reaction.

Thus, when the ion ratio of metal laminate changes,
Zn-CLDHs would show a difference in the adsorption of boric
acid. This also indicates that the proportion of LDHs should
be considered when boric acid is adsorbed by Zn-CLDH. The
mechanism of borate removal with Zn-CLDHs is shown in
Fig. 6.

3.3.2. Removal mechanism of borate with Mg-CLDH

At the beginning of reaction, the major boron species
have two forms of B(OH),” and B(OH), when the boron con-
centration is lower than 25 mmol/L [18]. Therefore, the fol-
lowing reaction occurs by electrostatic adsorption [Eq. (7)]

=Mg(Al)OH," +B(OH), —=Mg(Al)OH,'—B(OH), (7)

4

In the meantime, B(OH), mainly reacts with =Al-OH and
=Mg-OH as follows [Egs. (8) and (9)] [16].

= Al-OH+B(OH), —»= Al—H,BO,+ H,0 ®)
=Mg-OH +B(OH), -»=Mg—H,BO,+H,0 )

Therefore, at initial pH 7 and when the borate concen-
tration is 2.5 mmol/L, B(OH),, and B(OH), are adsorbed on
the oxide surface, which is the first step to remove borate.
Mg-CLDHs dissolves Mg* and AI** and simultaneously pro-
duces OH" at the beginning of reaction, as shown in Egs. (10)
and (11).

MgO + H,0 — Mg? + 20H" (10)

Al,O,+H,0 — 2AI* + 60H" (11)

Therefore, the pH of solution will increase, and the metal
ion concentration will also increase, but after Mg-CLDH (3:1)
reaction for 8 h, the metal ion concentration is reduced to the
lowest level and remains stable (Fig. 2). However, the metal
ion concentration of Mg-CLDH (2:1) gradually decreases to a
minimum until 48 h (Fig. S1) [22]. This is because the increase
in pH causes the conversion of Mg* and AP’ to hydroxides.
Corresponding to the change in metal ion concentration, the
pH of Mg-CLDH (3:1) increases to above 10 at 8 h, whereas the
pH of Mg-CLDH (2:1) reached to 10 at 48 h [Egs. (12) and (13)]

Mg* +20H" — Mg(OH)2 (12)

A" +40H" — Al(OH) - (13)

Then, with increasing reaction time, the metal oxide is
gradually dissolved, Mg(OH), will react with boron species
and Al(OH),” and transform into Mg-LDHs [Eq. (14)] [40].

x Mg(OH), + Al(OH), +B(OH), = Mg Al(OH)

4 2+2x

. B(OH)4 +20H" (14)

This is the second step of boron species removal by
Mg-CLDHs, because B(OH),™ in solution was acquired to bal-
ance the charge. Therefore, after 8 h of reaction, the borate
concentration hardly decreases with Mg-CLDH (3:1), and
the Mg-LDH (3:1) is found in the XRD pattern at 8 h (Fig. 3).
However, borate is completely adsorbed with Mg-CLDH (2:1)
only after 48 h of reaction, and the regenerated Mg-LDH (2:1)
appears in the XRD pattern only at the same time (Fig. S3)
[22]. In addition, as previously reported [21], the formation
of Mg(OH),-H,BO, through the reaction between MgO and
H,BO, at this stage acts as a sink to attract the borate into the
interlayer of Mg-LDH. This is because of the first step that
the regeneration time of Mg-CLDHs becomes longer, mainly
because of the presence of Mg in the metal oxide. Because of
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Fig. 6. Schematic illustration of sorption mechanism of borate onto Zn-CLDHs.

its special chemical properties, it causes a series of chemical
reactions with the solution, resulting in the removal mecha-
nism of boric acid different from other CLDHs.

In the meantime, because the regeneration of Mg-CLDHs
is a mixture of dissolution and reprecipitation, the regener-
ated LDH forms small pieces on a large hexagonal plate, as
shown in Fig. 5.

Based on the above analysis, the following conjecture
can be made. One of the mechanisms of borate removal
with Mg-CLDHs is electrostatic adsorption. Moreover, the
amount of metal cations of Mg-CLDH (3:1) is more, result-
ing in more adsorption sites. Therefore, a large amount of
borate is adsorbed on the surface of Mg-CLDH (3:1). At the
same time, the pH increases faster in the solution, so that the
Mg-LDH (3:1) can be regenerated more quickly. However,
because of a fewer adsorption sites and slow increase in pH,
Mg-CLDH (2:1)in Mg-LDH (2:1) was regenerated until 48 h.
These results show that when the ratio of bivalent metal ions
to trivalent metal ions in LDH changes, it has a certain influ-
ence on the adsorption of boric acid. The sorption mechanism
of borate removal with Mg-CLDHs is shown in Fig. 7.

3.3.3. Borate removal mechanism with Ca-CLDH

When Ca-CLDHs are added to a borate solution, the metal
oxide reacts to release Ca*', Al**, and OH, increasing the metal
ion concentration and pH of the solution (as shown in Figs. 2
and S1). As the reaction continues, AP* becomes Al(OH)," in
an alkaline environment and then reacts with Ca(OH), to form
CaAl-LDHs. Because the affinity of OH™ and CO,* with the
host layer in Ca-LDH is stronger than that of B(OH),", the
sorption sites are more easily occupied by OH™ and CO,*.

Ca,AlLO, (OH), +5H,0 = 2Ca,Al(OH), -OH (15)

Ca,ALO, (OH), +5H,0 + CO,* = Ca,Al(OH) ]

: P (e)
-CO,+20H

However, Ca-LDH is more unstable than other LDHs,
because the electronic structure of divalent cation is differ-
ent, influencing the relative stability of corresponding clus-
ter. The period number of Ca* is greater than that of Zn*
and Mg*, which is negatively correlated with the binding
energies of clusters [41]. It is in an equilibrium of dissolu-
tion—precipitation, resulting in a constant presence of Mg*
and AP** in the solution as the following process [42,43].

Ca,Al(OH)_ -OH = 3Ca*+ Al(OH), +50H" 17)

[ Ca,Al(OH), | -CO, = 6Ca”+2A1(OH), +80H +CO,*
(18)

Then, the dissolved species react with B(OH), to form
borate-containing  ettringite (Ca [AL(OH),L[B(OH),],),
because borate is more likely to form ettringite than other
oxyanions [44,45].

6Ca*+2AI1(OH), +6B(OH) +4OH =

a, [AI(OH)J2 [B(OH)Jﬁ

(19)

Therefore, the boron concentration decreased (Figs. 2 and
S1), as observed from the characteristic diffraction peaks of
ettringite at 40 min of XRD pattern (Figs. 3 and S3). However,
with the increase in reaction time, the boron concentration
of Ca-CLDH (3:1) remained stable after 3 h, and the inten-
sity of characteristic peaks of ettringite did not increase as
shown in the XRD pattern. This is different with Ca-CLDH
(2:1), because the XRD pattern (Fig. 54) shows that the peaks
of borate-containing ettringite gradually increases, and the
main peak of Ca-LDH (2:1) gradually decreases [22]. Thus,
by comparison, under the same experimental conditions,
Ca-CLDH (2:1) is more suitable for the formation of ettringite



304 S. Xu et al. / Desalination and Water Treatment 155 (2019) 296-310

with the increase in reaction time, whereas because of the
characteristics of its own structure, Ca-CLDH (3:1) hinders
the formation of ettringite, resulting in poor adsorption.

Moreover, although the characteristic diffraction peaks
of CaCO, are observed in the XRD pattern of Ca-CLDH
(3:1), it is negligible (Fig. 3). However, in the XRD pattern
of Ca-CLDH (2:1), the peaks of CaCO, are obvious (Fig. S3)
[22]. The formation of CaCO, is due to the released Ca* from
Ca-LDH and reaction of ettringite with CO_* in the solution.
[46] It has been reported that CaCO, may react with boron,
decreasing the borate concentration.

Based on the above results, the following conjecture
can be made. The formation of ettringite is influenced by
the environment of solution, especially pH [47]. However,
the solution pH during the sorption of Ca-CLDH (3:1) and
Ca-CLDH (2:1) is almost the same, but it can be found that
the dissolution of metal ions in the solution is very different
between them (Figs. 2 and S1). The concentration of Ca* and
AP in the solution of Ca-CLDH (2:1) is much higher than
that of Ca-CLDH (3:1), probably the reason why Ca-CLDH
(2:1) can form ettringite during the reaction. The mechanism
of borate removal with Ca-CLDHs is shown in Fig. 8.
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Fig. 7. Schematic illustration of sorption mechanism of borate onto Mg-CLDHs.

Ettringite

Ca2* +Al(OH), +OH- + :}c; —

Decomposition

—

Ca-CLDHs

Ca-CLDHs
t=40min

e

H;(BO)s

8
.,
'x‘

B(OH), CO,>

Borate-containing ettringite
_Ca-Al-LDH(3:1) |
Ca-CLDH(3:1)
t=48h

LDH dissolution, ettringite formation

= A

Borate-containing ettringite

SN & ’
g

Ca-CLDH(2:1)
t=48h

Fig. 8. Schematic illustration of sorption mechanism of borate onto Ca-CLDHs.



S. Xu et al. / Desalination and Water Treatment 155 (2019) 296-310

4, Conclusions

Based on the above analysis, CLDHs containing dif-
ferent divalent metal ions have different mechanisms for
borate removal. This is because different CLDHs containing
different divalent metal ions differ in their crystal structure,
crystal morphology, alkalinity, and electronegativity of
anions. At the same time, because of different ratios of diva-
lent and trivalent ions in the metal laminate, the CLDHs
(2:1 and 3:1) produce different adsorption results in the treat-
ment of boric acid.

By comprehensively considering the XRD, FTIR, and
SEM analyses, it was observed that the main mechanism of
borate adsorption by Zn-CLDHs is through anion exchange
and intercalation. Although the final sorption effect is sim-
ilar, Zn-LDH (2:1) containing polymerized boron formed at
3 h and almost disappeared afterwards. However, Zn-LDH
(3:1) began to form after 3 h and gradually increased. For
Mg-CLDHs, the borate concentration is reduced by surface
adsorption reaction and intercalation. Moreover, the group
formed on the surface of Mg-CLDHs fixes the boron spe-
cies. This is an important reason why the borate concentra-
tion decreases. Because the regeneration time of Mg-CLDH
(3:1) was only 8 h, whereas Mg-CLDH (2:1) needed 48 h,
Mg-CLDH (3:1) had a better effect than Mg-CLDH (2:1). In
particular, Ca-CLDHs converted to Ca-LDHs immediately,
but Ca-LDHs are very easy to dissolve due to structural
characteristics. Therefore, the borate-containing ettringite
is formed through the ions dissolved from the Ca-LDHs
and borate in the solution. This is the main borate removal
mechanism of Ca-CLDHs. However, the amount of ettring-
ite produced by Ca-CLDH (3:1) during the adsorption
is constant, resulting in poor adsorption. On the other
hand, Ca-CLDH (2:1) could continue to generate ettringite
during the reaction, thus gradually decreasing the borate
concentration.
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Supplementary material

Table S1
Adsorbent Adsorption References
capacity (mmol/g)
Activated carbon 3.7 x 1072 [48]
Bentonite 1.3x1072 [49]
Red mud 8.9 x 10! [50]
Illite 1.5x107 [51]
Kaolinite 2.9 %107 [51]
Calcined dolomite 1.5 [52]
IRA 743 (Commercial resin)  0.91 [53]
CRB 05 (Commercial resin) 1.3 [54]
Mg-Al-LDH (2:1) 0.9 [55]
Calcined Mg-Al-LDH 2.37 [55]
Zn-Al-LDH (2:1) 1.3 [56]
Calcined Zn-Al-LDH 29 [56]
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Fig. S1. Changes of (a) B concentrations, (b) pH, (c) divalent cations concentration and (d) Al concentration during sorption of
2.5mM B by MgAIl-CLDH, ZnAl-CLDH, and CaAl-CLDH. Amount of sorbent: 2.5 g/L; initial B concentration: 2.5mM; initial pH: 7.0.

(M2=MP = 2:1) [57].
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Fig. S2. XRD patterns of ZnAl-CLDH (Zn*:AlP* = 2:1) after
sorption of 2.5mM B. under pH 7.0. Symbols: %, Zn-LDH; ¥,
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Fig. S3. XRD patterns of MgAI-CLDH (Mg*:Al* = 2:1) after
sorption of 2.5mM B. under pH 7.0. Symbols: ¢, Mg-LDH;
<&, Mg-CLDH [57].



Fig. S4. XRD patterns of CaAl-CLDH (Ca*:Al** =

% CaO; A\, Ca,AlLO,;
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2:1) after sorption of 2.5mM B. under pH 7.0. Symbols: A, Ca-LDH; o, Ca(OH),;

Fig. S5. The XPS full spectrum and individual elemental spectra of Zn-CLDH (3:1) after adsorption of 2.5 mM B (T = 48 h).
(a) Full-scale survey, (b) B 1s spectrum, (c) Al 2p spectrum, (d) Zn 2p3 spectrum, (e) C 1s spectrum.
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Fig. S6. The XPS full spectrum and individual elemental spectra of Mg-CLDH (3:1) after adsorption of 2.5 mM B (T = 48 h).
(a) Full-scale survey, (b) B 1s spectrum, (c) Al 2p spectrum, (d) Mg 2sspectrum, (e) C 1s spectrum.
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Fig. S7. The XPS full spectrum and individual elemental spectra of Ca-CLDH (3:1) after adsorption of 2.5 mM B (T =48 h). (a) Full-scale
survey, (b) B 1s spectrum, (c) Al 2p spectrum, (d) Ca 2p spectrum, (e) C 1s spectrum.



