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ABSTRACT

A series of multiple-metal layer double hydroxides: MgAl-LDH, CoMgAIl-LDH and CoZnMgAl-LDH
were prepared for single/simultaneous adsorption of Cr(VI) and fluoride from aqueous solution.
X-ray powder diffraction, Fourier transform infrared spectroscopy, Brunauer-Emmett-Teller,
scanning electron microscope and energy-dispersive X-ray analyses techniques were employed
to characterize the as-prepared LDHs. The CoMgAIl-LDH displayed the best Cr(VI) and fluoride
adsorption performance compared with the other LDHs. In single pollutant removal system, the
maximum adsorption capacities of 52.63 and 29.41 mg/g for Cr(VI) and fluoride were calculated
from the Langmuir isotherm with an initial pH value of 7. Competitive adsorption between Cr(VI)
and fluoride was observed during simultaneous adsorption, and the affinity of Cr(VI) on the LDHs
was stronger than that of fluoride. The presence of Co was found to be responsible for the enhanced
defluorination of CoMgAl-LDH. The pseudo-second order equation and the Langmuir adsorption
isotherm fitted well to the adsorption data of Cr(VI) and fluoride. Ion exchange was the main way to

remove Cr(VI) and fluoride by LDHs.
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1. Introduction

Cr(VI) and fluoride produce harmful effect on environ-
mental system. Chromium in the environment mainly exists
in two forms (Cr(III) and Cr(VI)), and Cr(VI) is highly toxic,
carcinogenic and teratogenic [1]. Main anthropogenic activ-
ity and accidental natural geogenic activity are responsible
for Cr(VI) release into the environment. According to liter-
ature, Mediterranean (Greece, Italy and Pacific [California
{USA}], Mexico) and different parts of the world are the few
populated areas, which are the examples of such conditions
[2]. Fluoride appears in groundwater around the world.
Other than industrial production, the natural geological
sources such as fluorine-containing rocks also account for
the fluoride release [3]. The maximum concentration limit
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for Cr(VI) and fluoride is 0.05 and 1.5 mg/L, respectively,
according to World Health Organization (WHO) guidelines
for drinking water quality [4].

In previous literatures, various methods have been
applied to remove anionic contaminants from aqueous solu-
tion, including adsorption [5], photoremediation [6], ion
exchange [7], etc. Among the various methods discussed for
the removal of different contaminants, adsorption has been
used successfully because of its remarkable easy operation,
high efficiency, low cost and without secondary pollution
[8]. The adsorbents developed for purification of aqueous
solutions include carbon [9], nanocomposite hydrogels [10],
and agricultural waste [11], etc. Known as a natural clay with
good environment compatibility, high anion exchange ability
and easy synthesis, layered double hydroxides (LDHs) are
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considered to be efficient adsorbents for anionic contam-
inants removal from aqueous solution, such as F- [12] and
Cr,0% [13].

Recently, numerous researchers have focused on modi-
fication of LDHs to improve the physical/chemical proper-
ties by applying various materials such as polyoxometalate
[14], heptamolybdate [15], nanocomposite [7], etc. Some
novel synthetic methods are also employed, such as exfo-
liated LDH nanosheets [16]. However, accepted formula
of LDHs is [M]_M™ (OH),J(A™)  -mH,0, where M" rep-
resents divalent metal ion (Ca*, Mg*, Zn*, Co*, etc.) and
M™ represents trivalent metal ion (Al*, Fe*, Cr*, etc.) [17].
Innate property of the LDHs is generally determined by the
metal composition [18]. As the main components, M" and
M™ can be replaced by different metal ions, so that LDHs
with different characters can be prepared by replacing M"
and M™species [19]. Cai et al. [20] find ternary LiAlLa-LDH
has an enhanced capacity than binary LiAl-LDH for fluoride
removal after the introduction of La. Fe(II)Al-LDH prepared
by He et al. [21] can transform Cr(VI) into Cr(III) to remove
Cr(VI) utilizing the strong reductive property of Fe(Il). Here
we introduce Co* and Zn* into M" components of the LDHs
to prepare MgAl-LDH, CoMgAl-LDH and CoZnMgAl-LDH
via co-precipitate method to remove Cr(VI) and fluoride in
the single/simultaneous system.

To the best of our knowledge, the performance and
mechanism of single/simultaneous adsorption of Cr(VI) and
fluoride has not been reported yet, especially using a series of
multiple-metal LDHs. The main objectives were: (1) compar-
ing the removal efficiency and adsorption capacity between
single Cr(VI) or fluoride and simultaneous Cr(VI)-fluoride
system; (2) studying the structure and property of the LDHs
before and after adsorption, (3) figuring out the adsorption
mechanism of Cr(VI) and fluoride by the LDHs.

2. Materials and methods
2.1. Reagents

All reagents used in this study were analytical grade
(purity > 99.7%) without further purification. Aluminum
chloride [AICL-6H,O], magnesium chloride [MgCL,-6H,O],
zinc chloride [ZnCl,-6H,O], cobalt chloride [CoCl,-6H,0O],
sodium hydroxide [NaOH], hydrochloric acid [HCl], sodium
fluoride [NaF] and potassium bichromate [K,Cr,0,] were
obtained from Sigma-Aldrich (Shanghai, China).

2.2. Preparation of the LDHs

A series of LDHs: MgAI-LDH, CoMgAIl-LDH and CoZn-
MgAIl-LDH were prepared by the co-precipitation method
as described elsewhere [22]. Analytical grade MgCl,-6H,0
(0.06 M) and AICI-6H,O (0.02 M) were dissolved in deion-
ized water. Another solution containing analytical grade
NaOH (2.0 M) and NaCl (1.0 M) in deionized water was
prepared. The two solutions were simultaneously added to
one flask under vigorous stirring (700 rpm) and stirred for
60 min. During the synthesis procedure, pH of the solution
was kept around 10 using 2.0 mol NaOH and stirred for
120 min at room temperature. After that, the mixture was
aged in the mother liquor at 80°C for 24 h. Then, the products
were centrifuged and washed thoroughly with deionized

water until pH of the wash solution was neutral. Finally, the
washed samples were then dried at 65°C for 24 h to obtain
MgAI-LDH. Similarly, CoMgAl-LDH and CoZnMgAl-LDH
were obtained as described above. In detail, CoCl-6H,0
(0.02 M), MgCl,-6H,0 (0.04 M) and AICL-6H,O (0.02 M) were
prepared to obtain the CoMgAl-LDH. CoZnMgAl-LDH
was obtained by adding CoCl,-6H,O (0.02 M), MgCl-6H,0
(0.02 M), AICIL-6H,0 (0.02 M) and ZnCL-6H,0 (0.02 M) into
the salt solution.

2.3. Characterization of the LDHs

Crystalline structure of the LDHs was determined by
X-ray powder diffraction (XRD) employing a scanning rate
4°/min over an angular range 20 between 10° and 80° with
Cu Ka as source of radiation (PANalytical B.V., Holland).
The specific surface areas were achieved by N, adsorption
based on Brunauer—-Emmett-Teller (BET) method at —-196°C
with an ASAP 2020 apparatus. The surface area and total
pore volume were calculated according to the BET model
while the pore size distribution was determined by the
non-local density functional theory method with a slit pore
model. Analysis of Fourier transform infrared spectroscopy
(FTIR) spectra enabled evaluation of surface functionality of
the LDHs, and their variations after adsorption of Cr(VI) and
fluoride. The spectra were obtained in the attenuated total
reflection mode ranging from 0 to 4,000 cm™ with a 2 cm™
resolution (Nicolet 6700, USA). Scanning electron micro-
scope (SEM) images and energy-dispersive X-ray analyses
(EDX) analyses were taken on a Hitachi 54800 field-emission
scanning electron microscope.

2.4. Adsorption experiments

Batch experiments were performed to investigate adsorp-
tion performance of Cr(VI) and fluoride on the LDHs. The
stock solution was prepared by dissolving potassium dichro-
mate and sodium fluoride in deionized water, respectively.
The pH was adjusted to about 7 with 0.1 M HCI or NaOH.
All batch studies were carried out by mixing adsorbents
with 50 mL of the solution containing 10 mg/L of Cr(VI)
or fluoride in a thermostatic shaker at 298 K and 500 rpm.
The dosage of LDHs was changed at 0.2, 0.5, 0.7 and 1.0 g/L,
respectively. The samples were filtered with 0.45 um filter to
obtain the concentrations of Cr(VI) and fluoride. Analysis of
Cr(VI) was achieved by 1,5-diphenylcarbohydrazide method
[1]. Fluoride concentration was measured by a fluoride ion
selective electrode (PF-1) with sodium citrate (C;H,Na,O,,
0.2 mol/L) and NaNO, (1 mol/L) as total ion strength
adjustment buffer [23]. Simultaneous adsorption was inves-
tigated by adding adsorbents to the mixed solution that
contains Cr(VI) and fluoride with 10 mg/L each.

The adsorption capacity (g, and removal percentage
(R%) of the adsorbents are calculated according to the fol-
lowing equations [24]:
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where C, and C, (mg/L) are the liquid-phase concentrations
of Cr(VI) or fluoride at initial and at time f, respectively.
V is the volume (mL) of solution, and m (mg) is the mass of
adsorbent used.

3. Results and discussion
3.1. Characterization of the LDHs

The XRD patterns of the LDHs are shown in Fig. 1a.
Diffraction peaks were observed at 11.16° (003), 22.56° (006),
34.45° (012), 38.51° (015), 60.26° (110) and 61.45° (113) for
all samples which exhibited the characteristic diffractions
of well-crystallized hydrotalcite-like LDHs [25]. The peaks
were sharp and symmetric, which are sufficient to prove
that high-purity LDHs were synthesized [26]. In addition,
the diffraction peaks of CoMgAI-LDH and CoZnMgAI-LDH
located at 31.72° could be assigned to Co,AlLO,, (JCPDS card
No.51-0041). The excess diffraction peaks of CoZnMgAl-
LDHs observed at 56.49°, 65.17° and 75.3° could be assigned
to Zn(OH), (JCPDS card No.41-1359), Al ,Co, (JCPDS card
No.50-0694) and AIMg,Zn,, (JCPDS card No.31-0024). The d,,
values of MgAl-LDH, CoMgAI-LDH and CoZnMgAI-LDH
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Fig. 1. (a) XRD patterns for the LDHs and (b) FTIR spectra for
the LDHs from 0 to 4,000 cm™.

were 0.782, 0.792 and 0.802 nm, respectively, corresponding
to the basal spacing of two coherent brucite-like hydrox-
ide layers in the LDHs [27]. The expanded values of d,
indicated the successful introduction of Co and Zn into
the LDHs structure. The observed lattice parameter d , of
the LDHs was similar to other LDHs reported elsewhere [28].

The surface functional groups were recognized as a criti-
cal factor that determined the adsorption behavior [29]. FTIR
spectra for different samples were carried out in the range
of 0-4,000 cm™. The LDHs exhibit a similar FTIR spectrum
in Fig. 1b. The main band in MgAI-LDH was 3,452 cm™
which could be assigned to the stretching vibration of O-H
groups [30]. It shifted to lower wavelength in CoZnMgAl-
LDH (3,445 cm™) and CoMgAl-LDH (3,441 cm™). The
changes may be accounted for the increased hydrogen bond-
ing between the surface and interlayer [28]. Additionally,
the shoulder band around 2,923 cm™ could be assigned to
hydrogen bonding between hydroxyl/water molecules and
carbonate anions [15]. The peak at 1,630 cm™ was related to
the O-H stretching of water molecules, being adsorbed or
present in the interlayer region [14]. The peaks around 2,169
and 1,383 cm™ were contributed to the stretching vibration
of COZ, indicating a handful of CO, entered into the inter-
layers during the synthesis of the LDHs. The lowered region
(below 1,000 cm™) was significant, and a strong adsorption
band was observed at 619 cm™ in all LDHs spectra, which
can be attributed to the M-O and M—O-M lattice vibration
[28]. The FTIR spectra revealed that all the LDHs contained
abundant oxygen functional groups, which served as
available adsorption sites and further discussion would be
provided later.

The N, adsorption—-desorption isotherms and the pore
size distribution calculated with Barrett-Joyner—-Halenda
method are shown in Fig. 2. Adsorption isotherms of the
LDHs were similar, and the adsorption and desorption curves
contained H3-type hysteresis loops [31], which conformed to
a type-IV adsorption isotherm according the IUPAC classi-
fication. The results indicated that the three LDHs were all
mesoporous materials [26]. In addition, the average pore size
of the LDHs samples also showed mesopore size (2-50 nm)
in the adsorbents, which endowed large specific surface
area. The surface area followed the order: CoMgAl-LDH
(48.0 m%g) > MgAI-LDH (40.7 m%/g) > CoZnMgAl-LDH
(30.6 m*/g). CoMgAIl-LDH exhibited the highest surface area
after being loaded with Co and CoZnMgAIl-LDH showed
the smallest surface area due to the distortion of crystals
resulting from Zn insertion into the lattice. Compared with
the similar LDHs reported in previous studies [15], the BET
surface area and pore volume of the CoMgAIl-LDH were
similar with them.

3.2. Single/simultaneous adsorption
3.2.1. Adsorption behavior of Cr(VI)

Effect of adsorbent dose on Cr(VI) removal is shown in
Fig. 3. At a dose of 0.2 g/L (Fig. 3a), the removal efficiency on
the LDHs was obviously enhanced with time. It was attributed
to the availability of more active sites on the adsorbents.
At a dose of 0.5 g/L (Fig. 3b), the adsorption on the LDHs
was more rapid and the maximum removal rate occurred
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Fig. 2. Isotherm curve of N, adsorption-desorption and pore
size distribution of (a) MgAI-LDH, (b) CoMgAIl-LDH and
(c) CoZnMgAI-LDH.

at the first 30 min. CoMgAI-LDH achieved the removal rate
more than 99.5%. Although the removal rate on CoZnMgAl-
LDH was similar with CoMgAI-LDH, a slight desorption
occurred on CoZnMgAIl-LDH. By contrast, removal rate on
MgAI-LDH was only 93% and instable. As the adsorbent
dose rose to 0.7 g/L (Fig. 3c), the phenomenon of desorption

faded away. Saturation adsorption was achieved and there
was no evident promotion in Cr(VI) removal with the dose
rose further to 1.0 g/L (Fig. 3d). The result would be caused
by the overlapping of active sites at a higher adsorbent dose
[32]. At a suitable adsorbent dose, entire surface sites were
available for the target pollutant and surplus active sites on
redundant adsorbent would eliminate desorption. When the
adsorbent was excessive, particle aggregation was created
by collision among solid particles probably, resulted in a
decrease in the total surface area and active sites [33]. In all
cases, CoMgAIl-LDH showed the superior performance than
the other LDHs.

3.2.2. Adsorption behavior of fluoride

As to fluoride, the weakly ionized hydrogen fluoride
(HF) formed when pH was below 4, and the pH higher
than 10 would lead to the dissolution of aluminum from the
layered structure. In order to eliminate the interference of
pH on adsorption performance, the initial pH value of the
stock solution was adjusted to around 7 which belonged to
the effective initial pH for fluoride removal. Removal effi-
ciencies of fluoride on different doses are shown in Fig. 4.
The adsorption capacity slowly increased with contact time
and tended to saturation at 50 min. Noteworthy, no desorp-
tion of fluoride on the LDHs was observed in all cases. The
result could be attributed to that chloride ions exchanged by
fluoride in solution have little effect on fluoride removal as
previously reported [31]. With 0.2 g/L dosage (Fig. 4a), only
47.5% fluoride was removed, suggesting insufficient dosage
is a constraint factor under this situation [34]. The removal
rate improved with the adsorbent dose increased from 0.2
to 1.0 g/L, and the removal capacity of the CoMgAIl-LDH
expanded slowly and gradually stabilized with maximum
removal efficiency of about 90%. CoMgAIl-LDH showed the
most effective fluoride removal efficiency than MgAIl-LDH
and CoZnMgAI-LDH. The promotion of CoMgAl-LDH
might be ascribed to the composition of Co. After doping
Co into the MgAIl-LDH, the removal rate showed distinct
improvement from 78% to 90%. Besides Co, according
to the previous report, doping the metal La or Ce into the
framework of LDHs could also improve the adsorption per-
formance [35,36]. In addition, the suitable structure of the
CoMgAI-LDH with a larger BET area and a favorable pore
distribution would be in favor of the adsorption as well.

3.2.3. Simultaneous adsorption

In groundwater, co-existing anions would interfere
with each other. Fluoride ions and Cr(VI) competed for the
adsorption sites and pollutant adsorption capacity would
be affected [37]. The simultaneous adsorption experiments
on Cr(VI) and fluoride removal were conducted in a mixed
solution containing 10 mg/L of Cr(VI) and fluoride each.
The results are shown in Figs. 5 and 6. Obviously, in simul-
taneous adsorption, the removal capacities of Cr(VI) and
fluoride on the LDHs were lower than those in the single
adsorption due to the presence of competitive adsorption. In
simultaneous adsorption, CoMgAl-LDH showed better per-
formance than the other LDHs.
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Fig. 3. Different dosages of the LDHs for Cr(VI) removal at initial pH about 7, 10 mg/L and 298 K. (a) 0.2, (b) 0.5, (c) 0.7 and (d) 1.0 g/L.
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Fig. 5. Removal rate of Cr(VI) in simultaneous adsorption (initial concentration of F~ and Cr(VI) is 10 mg/L, respectively, T = 298 K,
initial pH about 7, adsorbent dosage: (a) 0.2, (b) 0.5, (c) 0.7 and (d) 1.0 g/L.

Fig. 6. Removal rate of F- in simultaneous adsorption (initial concentration of F- and Cr(VI) is 10 mg/L, respectively, T =298 K, initial
pH about 7, adsorbent dosage: ((a) 0.2, (b) 0.5, (c) 0.7 and (d) 1.0 g/L).
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The removal rate of Cr(VI) in simultaneous adsorp-
tion increased slower than in single adsorption with time
and the maximum adsorption appeared after 40 min. With
further increasing contact time from 40 to 60 min, a conspic-
uous desorption was observed (Fig. 5a). Similar phenome-
non appeared in other reports. Ling et al. [25] reported that
desorption phenomenon occurred at 10 mg/L of Cr(VI) by
CoFe-LDH. Desorption of Cr(VI) ions from adsorbed LDHs
was dependent upon the nature of anions present in the
solution. The amount of Cr(VI) that was replaced from LDHs
by competing anions followed the order COZ > CI~ > water
[38], which reflected the relative affinity of anions for the
LDHs. At the beginning of adsorption, the overwhelming
majority of Cr(VI) accessed into interlayer of the LDHs
by ion exchange with Cl~. When the adsorption process
approached equilibrium, the Cr(VI) adsorbed in the inter-
layer edge of the LDHs would be replaced by the excessive
CI~. However, to increase the dose of adsorbent would elimi-
nate the desorption of Cr(VI), by providing additional active
sites for adsorption according to Fig. 5.

In single adsorption of Cr(VI), the maximum removal
capacity calculated by the Langmuir model was 52.63 mg/g
which is shown in Table 2. The value reduced to 38.3 mg/g in
the simultaneous adsorption of Cr(VI) that was equal about
24% weakened by co-existing fluoride. On the other hand,
there was a significant decrease of defluorination capacity
from 29.41 to 13.74 mg/g that was equal about 53% weak-
ened by co-existing Cr(VI). The results indicated that Cr(VI)
adsorbed by the LDHs was much stronger than fluoride. The
weakening effect could be ascribed to two reasonable expla-
nations: (1) Cr(VI) had more powerful affinity than fluoride
to the LDHs in simultaneous adsorption. When faced with
the two ions in one solution, Cr(VI) would occupy the active
sites preferentially resulting in a decrease in the total avail-
able active sites and make the adsorption of fluoride more
weak; (2) part of surface mesoporous of the LDHs might be
covered or blocked by the adsorbed Cr(VI) and eventually
resulted in a decreased amount of contact area for fluoride
adsorption.

Table 1
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According to the above results of experiments and char-
acterizations, CoMgAI-LDH showed superior adsorption
performance than MgAIl-LDH and CoZnMgAI-LDH due to
the better degree of crystallinity, higher BET surface area and
abundant hydroxyl groups.

3.2.4. Kinetics and isotherms study

Kinetic models help in evaluating the rate of adsorption
and the type of reaction mechanism involved. Therefore,
linear pseudo-first order and pseudo-second order kinetic
models were applied to fit the experimental data and the
equations are represented as follows [39]:

Pseudo-first order:

klt

1 —g.)=1 - 3

og(q, ~q,) =logq, -~ 3)
Pseudo-second order:

Pt @

q, kg, a.

where g, (mg/g) and q, (mg/g) are adsorption amounts of
the adsorbents at time t and at equilibrium, respectively.
The values of rate constant k, (min™) and k, [g/mg/min] are
determined from the slopes of the plots log(g,—g,) vs. t and
t/g, vs. time, respectively. The values of different constants
and correlation coefficients from the fitted kinetic mod-
els are presented in Table 1. It was found that the value of
correlation coefficients (R?) for pseudo-second order was
higher than that of pseudo-first order whether it was in
single adsorption or simultaneous adsorption. The results
implied that Cr(VI) and fluoride adsorption was a pro-
cess described perfectly by pseudo-second order models
(Fig. 7). The results indicated that the adsorption of Cr(VI)
and fluoride onto LDHs surface occurred via chemical
interactions [9].

Kinetic parameters for the single/simultaneous adsorption of Cr(VI) and fluoride on the LDHs with dosage at 0.7 g/L

Item Pseudo-first order Pseudo-second order
K (min™) g, (mg/g) R K, (g/mg/min) q,(mg/g) R
Single-Cr(VI) MgAI-LDH 0.094 34.64 0.993 0.023 40.43 0.998
CoMgAl-LDH 0.098 42.92 0.984 0.004 49.06 0.999
CoZnMgAIl-LDH 0.100 39.97 0.958 0.005 46.65 0.999
Single-F~ MgAI-LDH 0.070 20.92 0.977 0.004 23.44 0.999
CoMgAI-LDH 0.082 22.75 0.959 0.005 26.00 0.999
CoZnMgAl-LDH 0.075 21.70 0.976 0.005 24.19 0.999
Simultaneous-Cr(VI) MgAI-LDH 0.076 26.17 0.996 0.005 29.34 0.996
CoMgAI-LDH 0.080 32.20 0.994 0.008 35.11 0.999
CoZnMgAl-LDH 0.080 29.86 0.997 0.007 32.27 0.999
Simultaneous-F- MgAI-LDH 0.051 9.46 0.978 0.020 10.50 0.997
CoMgAIl-LDH 0.060 12.89 0.970 0.017 12.65 0.997
CoZnMgAIl-LDH 0.056 11.13 0.997 0.013 12.22 0.990
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Adsorption isotherms are important for the adsorption
process and they are used to determine the adsorption capac-
ities of adsorbents and the type of adsorption taking place
[40]. Linear Langmuir and Freundlich isotherm models were
employed to analyze the experimental data in Fig. 8.

The equations are represented as follows [41]:

Langmuir isotherm:

Lo Lo ©)
qe KLQm Qm

The linear regression between C/q, vs. C, allows the
computation of R? value, which conforms to be 0.99, refer-
ring the monolayer adsorption of Cr(VI) and fluoride onto
LDHs. In simultaneous adsorption, it could be observed
that the removal capacity of all LDHs was weakened, but
the fluoride removal capacity decreased significantly.
CoMgAI-LDH removed more Cr(VI) and fluoride than
MgAIl-LDH and CoZnMgAI-LDH in the same time interval,
and the maximum adsorption capacity of Cr(VI) and flu-
oride reached 52.63 and 29.41 mg/g, respectively (Table 2).

Another essential component of Langmuir isotherm
can be denoted in terms of a dimensionless constant called
separation factor R, determined as follows:

1

R =—"— 6
" 1+K,C, ©

where C; (mg/L) is the lowest initial Cr(VI) or fluoride con-
centration and b is Langmuir constant (L/mg). The value of
R, indicates the type of the isotherm to be either unfavorable
(R, > 1), linear (R, = 1), favorable (0 < R, < 1) or irreversible
(R, =0). In the present study, the values of R, were <1, which
indicated favorable adsorption during the whole range of
Cr(VI) and fluoride concentration in single and simultaneous
adsorption [30].
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Freundlich isotherm:
logg, =logk, +110gC‘, (7)
n

where k. and 7 are the Freundlich adsorption constants which
were determined from the intercept and slope of the linear
plots of log g, vs. log C, respectively.

The Langmuir and Freundlich parameters are listed
in Table 2. The higher values of correlation coefficients
(R* > 0.997) for Langmuir model than that of Freundlich
model suggested monolayer rather than multilayer adsorp-
tion occurred onto LDHs. Due to the lower value of cor-
relation coefficient for the Freundlich isotherm model, this
model could not properly describe the relationship between
the amounts of adsorbed Cr(VI) and fluoride ions and their
equilibrium concentrations in the solutions. In view of excel-
lent adsorption performance, CoMgAI-LDH was selected
for further analysis of pollutant adsorption mechanism. In
addition, a comparison of maximum monolayer adsorp-
tion capacity of Cr(VI) or fluoride onto various adsorbents
is shown in Table 3. By contrast, CoMgAI-LDH possessed
higher maximum monolayer adsorption capacity of Cr(VI)
or fluoride than most adsorbents shown in Table 2.

3.2.5. Adsorption mechanism by the CoMgAI-LDH

The particle morphology and chemical composition of
the CoMgAIl-LDH before and after adsorption of fluoride
and Cr(VI) can be seen in the SEM images and correspond-
ing EDX spectrum presented in Fig. 9. The SEM image of
CoMgAI-LDH showed a distinct layered structure, and no
structural changes were observed after adsorption of Cr(VI)
and fluoride. Corresponding EDX spectrum showed the
presence of Mg, O, Al, Co, Cl, indicating CoMgAIl-LDH
was successfully prepared and the presence of fluoride and
Cr(VI) in CoMgAI-LDH after adsorption of fluoride and
Cr(VI), verifying the adsorption of fluoride and Cr(VI) by
CoMgAI-LDH.

Table 2
Adsorption isotherm constants parameters for the single/simultaneous adsorption of Cr(VI) and fluoride on the LDHs with dosage
at0.7 g/L
Item Langmuir constants Freundlich constants
Q,, (mg/g) b (L/mg) R, R? 1/n K, R?
Single-Cr(VI) MgAl-LDH 41.67 0.011 0.95 0.997 0.235 20.87 0.886
CoMgAI-LDH 52.63 0.005 0.98 0.998 0.198 30.81 0.840
CoZnMgAI-LDH 48.45 0.005 0.98 0.999 0.197 28.76 0.878
Single-F- MgAI-LDH 26.79 0.048 0.81 0.999 0.273 10.732 0.843
CoMgAIl-LDH 29.41 0.045 0.82 0.997 0.286 11.26 0.808
CoZnMgAI-LDH 28.57 0.042 0.83 0.998 0.284 11.22 0.817
Simultaneous-Cr(VI) MgAI-LDH 32.82 0.059 0.77 0.997 0.292 12.10 0.949
CoMgAIl-LDH 38.30 0.008 0.96 0.999 0.158 24.03 0.907
CoZnMgAI-LDH 35.93 0.011 0.95 0.998 0.174 21.16 0.867
Simultaneous-F- MgAI-LDH 10.68 0.091 0.69 0.999 0.109 7.087 0.871
CoMgAI-LDH 13.74 0.068 0.75 0.999 0.122 8.749 0.904
CoZnMgAIl-LDH 13.12 0.092 0.68 0.999 0.139 7.784 0.924
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Table 3
List of various adsorbents (with maximum adsorption capacities) for the adsorption of Cr(VI) and fluoride
Adsorbate Adsorbents Maximum adsorption Refs.
type capacity (mg/g)
Cr(VI) Green alga (raw and modified) 35 [42]
Active carbon 7.2 [43]
Carbon slurry 15.2 [44]
CoMgAI-LDH 52.63 Present study
Activated clay 24.1 [45]
Treated rectorite 21 [46]
Fluoride Modified Na-attapulgite 24.6 [47]
Red mud 8.92 [48]
Active carbon 2.7 [49]
Activated quartz 1.6 [50]
Quick lime 16.7 [51]
CoMgAI-LDH 29.41 Present study

O RN

Fig. 9. SEM images and corresponding EDX spectrum of (a) CoMgAI-LDH before adsorption, (b) CoMgAI-LDH after adsorption
of Cr(VI) and fluoride and (c) CoMgAI-LDH after adsorption of Cr(VI) and fluoride.

LDHs adsorbed anions benefitting from their anion
exchange properties mainly. There existed weak electrostatic
interaction with layers, and hence these anions could be eas-
ily replaced by the anions with higher electrostatic interaction
with layers [52]. Cr(VI) and fluoride were intercalated into
the interlayer of the CoMgAIl-LDH spontaneously by anion
exchange because Cr(VI) and fluoride had stronger elec-
trostatic interaction than chloride ions for LDHs materials.

The XRD patterns of CoMgAIl-LDH before and after Cr(VI),
fluoride and Cr(VI) + fluoride removal are shown in Fig. 10a.

Similar with other reports, the samples showed a sim-
ilar structure to the original LDHs, and no extra peak was
observed [21,53]. However, some slight variations of the
basic parameter of LDHs were occurred. In Table 4, the
value of basal spacing in connection with radius of interlayer
anions increased from 0.792 to 0.799 nm after single Cr(VI)
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Fig. 10. (a) XRD patterns and (b) FTIR spectra of CoMgAl-LDH
before and after Cr(VI) and F~adsorption at C;= 10 mg/L with
dosage of 0.7 g/L, 298 K, initial pH about 7.

Table 4
General characteristics of the CoMgAI-LDH before and after ad-
sorption

Samples Basal spacing (nm) a (nm) ¢ (nm)
Before 0.792 0.306 2.376
S-Cr 0.799 0.306 2.397
S-F 0.788 0.306 2.364
Simultaneous 0.794 0.306 2.382

Lattice parameters a and c are obtained via equation: a = 2d,,; and

¢ =3d,,, respectively.

adsorption, and reduced to 0.788 nm after single fluoride
adsorption. Basal spacing was neutralized to 0.794 nm after
Cr(VI) + fluoride adsorption. The results were in accordance
with the ion radius order: Cr(VI) > ClI"> F~ and supported
the removal mechanism of ion exchange that occurred in the
interlayer of the LDHs.

Further evidence to explain that ion exchange occurred
during adsorption process could be obtained by FTIR spec-
tra, which is shown in Fig. 10b. Four major peaks includ-
ing peak I (~3,450 cm™, hydroxyl groups stretching), peak
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D oD@ o
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e B e e

Fig. 11. Possible adsorption mechanisms.

II (~1,631 cm™, C=0), peak III (~1,383 cm™, C-O stretching
of CO* ions), and peak IV (~619cm™, metal-O stretching)
appeared on all samples before and after adsorption [54].
Peak I changed from 3,441 to 3,463/3,475 cm™ after single
Cr(VI) or fluoride adsorption. Furthermore, it expanded to
3,481 cm™ after simultaneous adsorption of Cr(VI) and flu-
oride, indicating that compared with the single adsorption
more numerous hydroxyl groups existing in the interlayer
or surface of the CoMgAI-LDH participated in the simul-
taneous adsorption process [35]. After adsorption, peak at
2,169 cm™ disappeared and peak III shifted to 1,369 cm™
indicating that ion exchange occurred between Cr(VI)/F-
and CO* ions. The results could be attributed to the strong
electrostatic forces between Cr(VI)/F- and CoMgAIl-LDH
lattice. Comparing with the intact peak IV (619 cm™) after
Cr(VI) adsorption, peak IV shifted to higher wavenumber
(631/636 cm™) after single/simultaneous fluoride adsorption,
suggesting that the bond of M-O changed in the adsorption
process as follows: M—-OH + F- - M-F + OH- (around nat-
ural pH), where M stands for Co, Mg and Al [55]. Through
the previous analysis, the possible adsorption mechanisms
are summarized in Fig. 11. Ion exchange was the mutual
way to remove Cr(VI) and fluoride in the LDHs. This result
further confirmed the report on the adsorption mechanism
of Cr(VI) and fluoride [13,56].

4. Conclusion

Three types of multiple metal LDHs were synthesized
and used in single/simultaneous adsorption of Cr(VI) and
fluoride from aqueous solution. CoMgAIl-LDH expressed
the best structure and pollutant removal performance among
the three LDHs. Introduction of Co enhanced the adsorp-
tion performance for Cr(VI) and fluoride. In the single
adsorption, the CoMgAIl-LDH showed excellent adsorption
capacity of 52.63 mg/g for Cr(VI) and 29.41 mg/g for fluo-
ride. Adsorption of Cr(VI) and fluoride on the LDHs was
consistent with the pseudo-second order model and the
equilibrium data fitted well with Langmuir isotherm both
in the single adsorption system and simultaneous system.
In simultaneous adsorption, Cr(VI) and fluoride competed
for adsorption sites on the LDHs, and the results showed
that fluoride suffered a more severe influence than Cr(VI).



H. Wang et al. / Desalination and Water Treatment 179 (2020) 197-210 209

The curve fits of data and mechanism analysis indicated that
interlayer ion exchange was the main adsorption path for
Cr(VI) and fluoride removal. Due to the low cost, easy prepa-
ration and high adsorption capacity, CoMgAl-LDH was a
potentially developed adsorbent for simultaneous removal
of Cr(VI) and fluoride from groundwater.
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