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Abstract: To extract selenium(VI) from the highly caustic leachate of copper anode slime, the Ca—Al—Cl layered double hydroxides
(Ca—Al-CIl-LDHs) with a formula of Ca,Al(OH)sCl-:2H,O by three co-precipitation methods were synthesized. A plate-like
morphology and hexagonal crystal structure with typical mineral phases and functional groups were identified by the FESEM,
XRD, FTIR, BET and XPS analysis. The forward feeding sample exhibits the best adsorption capacity of Se(VI). The factor
experiments then reveal a favorable adsorption process with low temperature, low NaOH concentration and high adsorbent dosage.
Furthermore, the adsorption kinetics and isotherm parameters can be well described by the Langmuir isotherm and the
pseudo-second-order models, respectively. Accordingly, the maximum adsorption amount of Se(VI) onto Ca—Al-CIl-LDHs reaches

188.6 mg/g at 50 °C.
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1 Introduction

In metallurgy industry, the natural resource of
selenium and selenium compounds is scarce. Typically,
selenium can be present in the copper anode slime with a
high richness ranging in 8%—20% [1,2]. With the
increasing demands to extract selenium, several
strategies have been developed including sulfidation
roasting, oxidation roasting and soda roasting
method [1,3]. However, these extraction methods not
only exhibit a low extraction efficiency, but also generate
several contaminants such as SO, [4]. Therefore, alkaline
pressure leaching of copper anode slime gains emerging
interests due to its high extraction efficiency and
complete separation of selenium from concomitant
metals [3]. It is noted that a large number of highly
caustic solutions are also generated in this process, the
extraction of selenium(VI) before further recycling of
alkali is solely needed [5].

The extraction methods have been widely
investigated in the past decades, including ion exchange,
coagulation or coprecipitation, and adsorption
process [6—8]. Typical coprecipitation method is limited
by the harsh operation condition and restrict initial

selenium(VI) concentration. Therefore, the adsorption
strategy including a sequential process of adsorption,
desorption and reduction to produce metallic selenium
becomes popular [3,9]. It is noted that common
adsorbent materials including iron hydroxides,
molecular sieve and active carbons all exhibit a
relatively low deselenization efficiency and low cost-
effectiveness [10,11], layered double hydroxides (LDHs),
known as the anion-exchange clay materials, have
attracted wide interests due to their high efficiency and
operability [3]. LDHs are usually composed of positively
charged brucite-like sheets and negatively charged
anions in the hydrated interlayer regions with the
formula  of [A]' BY(OH),]"*(A""),, -mH,0. A"
usually represents Ca®’, Mg*, Zn*", Cu®*, etc. B" is
trivalent cations such as AI*", Fe*" and Cr’". A" then
denotes the exchangeable interlayer anion of Cl', NO;,
CO32_, etc, while m is the number of interlayer
water [12]. Due to the weak interlayer bonding, LDHs
can adsorb anions through both surface adsorption and
anion exchange [13,14]. Among diverse LDHs, a
familiar group of Friedel’s salts (also known as
Ca—Al-CIl-LDHs) are the promising candidates with the
trigonal crystals of a flat hexagonal structure [3,15].
Owning to the ion exchange characteristic of CI” with
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other anions, Ca—Al-CI-LDHs have been widely studied
in recent years, exhibiting the adsorption behaviors on
AsO)" and CrO3 [16,17]. Also, Ca—Al-Cl-LDHs
can act as a cost-efficient absorbent for selenium removal
in the acidic liquid, reaching a deselenization efficiency
of 90% [18]. However, to our knowledge, the adsorption
behavior of Se(VI) onto Ca—Al-CI-LDHs in the highly
caustic solution with high selenium content has not been
investigated, although this is important for the practical
extraction of selenium from copper anode slime leachate.

Herein, the effort to apply Ca—Al-CIl-LDHs on the
adsorption of Se(VI) in the alkaline condition was made.
Specifically, Ca—Al-CI-LDHs were synthesized by a
co-precipitation method with three different adding
sequences, and their optimum feeding mode was
determined  through the preliminary adsorption
experiment. Factor experiments including the adsorption
temperature, adsorbent material dosage and NaOH
concentration were also studied. A series of
characterizations of Ca—Al-CI-LDHs collected before
and after adsorption were further performed. Se(VI)
adsorption kinetics and isotherms were investigated and
different adsorption models were used to evaluate the
experimental data.

2 Experimental

2.1 Materials

All reagents were of analytical grade (Sinopharm
Chemical Reagent Co., Ltd.,, Shanghai, China).
Especially, the Se(VI) stock solution was prepared from
the sodium selenate (Na,SeO,) with distilled water.

2.2 Preparation of Ca—Al-Cl-LDHs

The Ca—Al-CI-LDHs were prepared by a
coprecipitation method. Typically, the precipitation
experiment was conducted in a 1 L round-bottomed flask
with four necks, a two-blade mixer and thermostat water
bath. The preparation experiments were conducted by
preheating 300 mL mixed solution containing 0.5 mol/L
CaCl, and 0.25 mol/L AICl;to 50 °C. The equal volume
of 1.5 mol/L NaOH was also added at a rate of 2 mL/min
with a peristaltic pump and whilst stirring at 300 r/min.
When the adding process was completed, the stirring
continued for 1 h. Particularly, three feeding methods
including forward feeding (FF), backward feeding (BF)
and parallel feeding (PF) methods to decide the adding
sequence of the NaOH solution and mixed solution, were
performed. The FF method meant adding the NaOH
solution to the mixed solution, whereas the BF method
required the adverse adding sequence. These two
solutions were simultaneously added in the PF method.
The resultant precipitate was then collected, washed with
ultrapure water and dried at 50 °C overnight.

2.3 Characterization

The Se(VI) concentration was determined by
Optima 2100DV Inductively Coupled Plasma Optical
Emission Spectrometry (ICP—OES). The morphological
and structural characterizations of Ca—Al—-Cl-LDHs
collected before and after adsorption were performed
with X-ray diffraction (XRD, TTR I X-ray
diffractometer), scanning electron microscope (SEM,
JSM-6360LV spectrometer). Fourier transform infrared
(FT-IR) spectroscopy was further obtained with a Nicolet
380 spectrometer (Thermo, USA). Surface element
analysis was studied by X-ray photoelectron
spectroscopy (XPS, Thermo 250X). The N, adsorption—
desorption isotherms were measured by the Autosorb iQ
Station (Quantachrome) and the specific surface area was
calculated according to the Brunauer—Emmett—Teller
(BET) model.

2.4 Adsorption experiments and analytical methods

The adsorption experiment of Se(VI) was conducted
in the abovementioned flask reactor. The typical alkaline
selenium solution contained 2 g/L. Se(VI) and 40 g/L
NaOH. The adsorption capacities of LDHs yielded from
three feeding modes were firstly evaluated. Typically,
20 g absorbent samples were mixed with 500 mL
alkaline selenium solution and the adsorption system was
kept at 50 °C and 300 r/min. 5 mL samples were taken at
0, 30 and 120 min and immediately filtrated (0.45 um).
The filtrate was then acidized to pH=1.0 and diluted to
50 times before the ICP detection. The factor
experiments were conducted as follows: (1) For the
impacts of adsorption temperature, the adsorption
temperatures were specially set to 30, 50, 70, 80 and
90 °C, respectively; (2) For the impacts of NaOH
concentration, the NaOH concentrations in the selenium
solution were specially set to 40, 60, 80 and 100 g/L,
respectively; (3) For the impacts of the adsorbent
dosages, the adsorbent dosages were set to 10, 20, 30 and
40 g/L.

The adsorption capacity (Q, mg/g) and
deselenization efficiency (Y, 100%) were assessed by the
following equations [19]:

Q= (CO_Ce)V (1)
m
y =G =) 00% )

0

where V is the volume of Se(VI) solutions (L), m is the
mass of adsorbent (g), Cpand C, represent the initial and
equilibrium concentrations (g/L) of Se(VI), respectively.
The adsorption kinetics and isotherms were conducted to
evaluate the adsorption capacity of Se(VI) on LDHs. The
first and pseudo-second order kinetic models were
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employed to test the kinetic process of adsorption, while
the mathematical expressions were depicted in Egs. (3)
and (4), respectively [20]:

In (ge—g)=In gtkit 3)
Lot @)
q, kzqe qe

where &, and k, are the first and second order adsorption
rate constants, respectively; the g, and g, (mg/g) are the
amounts of Se(VI) adsorbed per unit mass of adsorbent
at equilibrium and time ¢ respectively. Langmuir
(Eq. (5)) and Freundlich (Eq. (6)) isotherm equations
were used to test the isotherm process of adsorption as
follows [21]:

KLCe
= _— 5
9=k C. (5)
qe=KrCeny (6)

where for the Langmuir isotherm model, ¢, is the
maximum  adsorption capacity of Se(VI) on
Ca—Al-CIl-LDHs, C, is the equilibrium concentration of
Se (VI) in the liquor and K} is the Langmuir constant,
which can be calculated from the slope and intercept of
plots of C./q. versus C.. For the Freundlich isotherm
model, Ky represents the adsorption capacity of Se(VI)
when the equilibrium concentration of Se(VI) equals 1
and np represents the dependence degree of adsorption
with the equilibrium concentration of Se (VI), which can
be obtained by a plot of In g, against In C..

3 Results and discussion

3.1 Characterization of as-prepared LDHs via three
feeding methods

To evaluate the impacts of different feeding
methods, the as-prepared LDHs via forward feeding (FF),
backward feeding (BF) and parallel feeding (PF)
methods were characterized by a combined FESEM,
BET, XRD, FT-IR, and XPS analysis. FESEM images in
Fig. 1 exhibit a generally plate-like and fine crystal
morphology among these samples. It is noted that the FF
sample possesses the most uniform size distribution and
the average particle size is as small as 0.5 um (Fig. 1(a)).
Comparatively, the average particle sizes of BF and PF
samples are 1.5 and 6.0 um, respectively (Figs. 1(b) and
(c)).

With the least agglomeration, the higher specific
surface area (SSA) in FF sample is further confirmed by
the BET analysis of nitrogen adsorption—desorption
isotherms (Fig. 2). The SSAs of FF, BF and PF samples
are calculated to be 23.5, 8.8 and 7.2 m%/g, respectively.
Correspondingly, the pore volume of FF sample is
calculated to be 0.12 cm®/g, which is much higher than

Fig. 1 FESEM images of Ca—Al-ClI-LDHs synthesized in
different feeding ways: (a) Forward feeding; (b) Backward
feeding; (c) Parallel feeding
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Fig. 2 Nitrogen adsorption—desorption isotherms of Ca—Al-
CI-LDHs synthesized with three feeding ways
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that of BF sample by 0.035 cm’/g and PF sample by
0.026 cm’/g.  Moreover, all adsorption—desorption
isotherms correspond to the IUPAC type-IV shape with
hysteresis loops from a capillary condensation process at
P/Py>0.5. The more significant adsorption in FF sample
at medium relative pressure (0.9>P/Py>0.5) indicates the
abundant mesopores, while the slight rise at higher
relative pressure (1.0>P/Py>0.9) further implies the
presence of macropores. All these results suggest a
highly porous and accessible structure in FF sample with
more active sites for Se(VI) adsorption [22,23]. As such,
it can be deduced that the FF sample has higher potential
for adsorption experiment.

The XRD spectra further prove a typical layered
double hydroxide structure. As shown in Fig. 3, sharp
peaks in all samples are centered at 11.38°, 22.88°,
23.63° and 31.33°, corresponding to the (002), (004),
(112) and (020) lattice planes in the hexagonal crystal
system, respectively [3]. This result matches with the
standard card profile of the monoclinic LDHs structure
(PDF 31-0245) as Ca,Al(OH)¢(H,0),Cl. The indexing
of XRD patterns shows the close d values of three
samples. It is further calculated that all three samples
exhibit the hexagonal crystals of monoclinic group
(P21/c) with a=1.018-1.036 nm, 5=0.574-0.576 nm,
¢=1.723-1.730 nm and £=114.65°-114.90°. Moreover,
the dy spacing of FF, BF and PF samples ranges
from 0.784 to 0.788 nm. According to the Scherrer
formula, the grain sizes are thus calculated to be
37.3—48.0 nm [24].

J I ‘ | PF sample
A iy A

BF sample
I ‘ A FF sample
| ) | Ca,Al(OH)4,(H,0),Cl
\ N PR " Y I T .
10 20 30 40 50 60 70 80

20/(°)

Fig. 3 XRD patterns of Ca—Al-CI-LDHs synthesized with
three feeding ways

The FT-IR spectra of synthesized Ca—Al—Cl-LDHs
recorded in Fig. 4(a) show the peak distributions of three
samples are similar. Notably, the features at 3640 and
3490 cm ' can be ascribed to the stretching vibration of
hydrogen-bonded —OH in the structural water from the
hydroxide layers and interlayer water [16,22]. The peak
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Fig. 4 FT-IR spectra (a) and XPS survey spectra (b) of
Ca—AIl—CIl-LDHs synthesized with three feeding ways

at 1620 cm ' is due to the H—O—H bending vibration
of —OH in the interlayer water molecule [16,22]. The
weak peak at 1425-1456 cm ' is further identified as the
stretching vibration of the interlayer carbonate anions,
which implies the incorporation of CO, into the alkaline
solution during the synthesis [16,17]. In the low-
wavenumber region (<900 cm'), the peaks at 528
529 cm ™' and 782—787 cm' are associated with lattice
vibration modes of AI—O—H stretching [3,15]. These
results generally agree with the characteristic peaks of
typical Friedel’s salts. The chemical environment of
Ca—Al-CIl-LDHs was further investigated by the XPS
analysis. From the survey spectra, five characteristic
peaks at 530, 343, 285, 198, 62 eV are observed,
corresponding to O s, Ca 2p, C 1s, Cl 2p, Al 2p signals
(Fig. 4(b)). It is noted that higher content of Cl atoms in
FF sample (9.4 at.%) than that in BF sample (6.8 at.%)
and PF sample (6.1 at.%) is obtained. Since the anion
exchange plays an important role in the adsorption
process of Se(VI), the presence of more exchangeable Cl
in Ca—Al-CI-LDHs is favorable to the
deselenization process. The high-resolution Ols spectra
of Ca—Al-CI-LDHs are further deconvoluted into three
peaks at 532.6, 531.1, and 530.7 eV, which represent the

anions
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different oxygen forms in C=0—, —OH, and M—O,
respectively [25]. The higher content of —OH in FF
sample (67%) than that in BF sample (58%) and PF
sample (62%) is consistent with the result of FTIR
analysis, which also contributes to more active sites.

3.2 Preliminary experiment to evaluate adsorption

capability

The preliminary adsorption experiment was
conducted to evaluate the adsorption capability of three
Ca—Al-CI-LDH samples (Table 1). Accordingly, 20 g
LDHs were added to 500 mL alkaline selenium solution
at 50 °C for 120 min. Table 1 shows that the FF sample
reaches the adsorption equilibrium at 30 min and the
final adsorption efficiency at 120 min is calculated to be
81.4%, which is superior than that in BF sample by
75.1% and PF sample by 71.9%. Consistent with the
morphological and structural analysis, FF sample
exhibits the best Se(VI) adsorption capacity due to its
smaller average particle size, larger specific surface area,
enlarged interlayer distance and more exchangeable
sites [26]. Therefore, FF sample is selected for further
study on the factor experiments, adsorption kinetics and
adsorption isotherms.

Table 1 Se (VI) adsorption on LDHs synthesized with different
feeding methods

. C()/ C30/ CIZO/ Adsorption
Feeding mode 4 1 1 .
(gLl) (gL ) (gL ) efficiency/%
FF 2.05 0415 0.390 81.4
BF 2.04 1.01 0.518 75.1
PF 2.05 1.77  0.601 71.9

3.3 Se(VI) adsorption at different temperatures

To evaluate the impacts of adsorption temperatures,
five temperatures ranging from 30 to 90 °C were set,
while the adsorbent material dosage, the NaOH
concentration and initial Se(VI) concentration were
performed as 40, 40 and 2 g/L, respectively [9]. Figure 5
plots the Se(VI) concentration as a function of
deselenization time and deselenization temperature in FF
sample. It is found that at lower temperatures (30 and
50 °C), the Se(VI) concentrations decrease drastically in
the first 30 min and the equilibrium is reached with a
adsorption efficiency of ~90%, indicating the
outstanding deselenization capability. However, at above
70 °C, the deselenization efficiency is receded with the
increasing temperatures that the adsorption efficiency at
90 °C drops to 25% at 15 min. More impressively, a
significant desorption effect is observed with the
prolonged time. Especially, at 70 °C, the desorption
process occurs at 120 min and the final Se(VI)

concentration is 1.6 g/L. Similarly, the desorptions at 80
and 90 °C happen at 15 and 20 min, respectively, with
almost no Se(VI) removed at 360 min.

Se(VI) concentration/(g-L™")

100 150 200 250 300 350 400
Time/min

0 50

Fig. 5 Effects of adsorption temperatures on Se(VI) adsorption
in Ca—Al-CI-LDHs

To explore the desorption mechanism at high
temperatures, combined with FESEM, BET, XRD, FT-IR
and XPS analysis, adsorbent materials were employed.
As shown in Fig. 6(b), the XRD patterns of FF-30°C and
FF-50 °C samples are consistent with the standard card
profile of monoclinic LDHs structure (PDF 31-0245),
suggesting no structural changes in the low temperature
adsorption. Accordingly, the FESEM images of FF-30 °C
and FF-50 °C samples exhibit the flat and fine crystal
morphology (Fig. 6(a)) [5]. However, with the elevated
temperatures, impurity peaks as Ca(OH), and
Ca;Al,(OH);, become significant in the XRD spectra of
FF-70 °C, FF-80 °C and FF-90 °C samples, which could
be ascribed to decomposition of Ca,Al(OH)s(H,0),Cl at
high temperatures (Fig. 6(b)) [27]. By comprehensively
comparing these spectra, the diffraction peaks become
sharper with increasing temperatures, indicating higher
crystallinity. As shown in the FESEM images, the sizes
of FF samples become larger in FF-70 °C, FF-80 °C and
FF-90 °C samples and some block-shape crystals are also
observed (Fig. 6(a)). This result is attributed to the
decomposition and recrystallization process of Ca—Al-
CI-LDHs at above 70 °C.

The nitrogen adsorption—desorption isotherms
further change from the IUPAC type-IV shape in the
original FF sample to the IUPAC type-II shape in the
processed FF samples (Fig. 7). The SSAs also decrease
from 23.5 m*/g in the original FF sample to 10.7, 7.4, 3.8,
3.2 and 2.6 m%g in FF-30 °C, FF-50 °C, FF-70 °C,
FF-80°C and FF-90°C samples, respectively. The
decreasing SSAs in FF-30°C, FF-50°C could be
attributed to the deposited selenium salts on the
nonuniform surface of adsorbents through the adsorption,
complexation and precipitation effects [18,23], whereas
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Fig. 6 FESEM images (a) and XRD patterns (b) of FF samples collected after adsorption experiments at different temperatures
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Fig. 7 Nitrogen adsorption—desorption isotherms of FF samples
collected after adsorption experiments at different temperatures

the decreasing SSAs in FF-70°C, FF-80°C and
FF-90 °C  further concern the decomposition/
reconstruction effect of Ca—AL—CI-LDHs at high
adsorption temperatures.

The FT-IR spectra of processed samples further
exhibit a general shift of the hydrogen-bonded —OH
from 3480 cm ' in FF-30 °C and FF-50 °C samples to
3510 cm™' in FF-70 °C, FF-80 °C and FF-90 °C samples
(Fig. 8(a)) [5]. Since the selenate and hydroxides are
both recognized as the hard alkali to potentially react
with the hard acid as the metal ions, this shift implies
that the hydroxyls in structural water from the hydroxide
layers and interlayer water have reduced the active sites
for Se(VI) adsorption [27]. This competing reaction
becomes more severe at higher temperatures. The peaks
in the low-wavenumber region become weaker.
Especially, the peak intensities at 875, 536 and 785 cm'
dramatically decrease with increasing temperatures.
These results suggest that the reduction of active sites at
higher temperatures is also ascribed to the decomposition
of Ca—Al-CI-LDHs. It is noted that a new peak at
2930 cm ' appears in FF-70 °C, FF-80 °C and FF-90 °C
samples, which could be recognized as the hydrogen-
bonded hydroxyls to the carbonate anions [16,22]. This
peak not only confirms the partial decomposition of
LDHs, but also implies more severe adsorption of CO, at
higher temperatures.

The XPS survey spectra further exhibit the
disappearance of Se 3d peaks in FF-80 °C and FF-90 °C
samples, which is consistent with the results in the
adsorption equilibriums (Fig. 8(b)). In the high-
resolution O 1s spectra, the content of — OH
significantly decreases with the increasing temperature,
also indicating the reduced active sites (Fig. 8(c)).
Altogether, the higher deselenization rate at 50 °C
with the close deselenization efficiency at 30 and 50 °C
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Fig. 8 FT-IR spectra (a), XPS survey spectra (b), high-
resolution O 1s spectra (c) of FF samples collected after
adsorption experiments at different temperatures

implies an endothermic process. Considering the
thermolability of LDHs, we select 50 °C as the optimum
temperature for further investigation.

3.4 Se(VI) adsorption at different LDH dosages

The impacts of adsorbent material dosages on
Se(VI) adsorption are shown in Fig. 9, where the
adsorption temperature, NaOH concentration and initial
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Se(VI) concentration are set as 50 °C, 40 g/Land 2 g/L,
respectively [28]. The deselenization efficiency increases
with the increasing adsorbent dosage and the adsorption
equilibriums are reached at 60 min. Especially, when the
dosage is performed as 10 g/L, the deselenization
efficiency is only 40.5%. After increasing the adsorbent
dosage to 20 g/L, the deselenization efficiency sharply
increases to 81.2%. Further increase in the adsorbent
supply to 30 and 40 g/L reaches a level-off and the
deselenization efficiencies only increase to 85% and 90%,
respectively.

2.5
! —= 10 g/L
20k —— 20¢g/L
’ —— 30 ¢g/L
40 g/L

1.5 L\»(

1.0

A A

Se(VI) concentration/(g-L™")

0 50 100 150 200 250 300
Time/min

Fig. 9 Effects of adsorbent dosage on Se(VI) adsorption in
Ca—Al-CI-LDHs

The XRD spectra exhibit no impurity peaks but a
great consistency with the standard card profile of the
monoclinic LDHs structure (PDF 31-0245, Fig. 10).
Therefore, the adsorbent material dosage has limited
impact on the structural alternation of LDHs. This result
also confirms the outstanding recycling capability of
Ca—Al-CI-LDHs processed with different adsorbent
dosages [29]. By comprehensively considering the
deselenization efficiency and the economic cost, we
select the optimum adsorbent material dosage as 30 g/L.

J ‘ ﬂ 40 g/L

30 g/L

20 g/L
J 10 g/L

Ca,Al(OH)(H,0),Cl

I b | L .
10 20 30 40 50 60 70 80
26/(°)

Fig. 10 XRD spectra of Ca—Al-CI-LDHs collected after

adsorption experiment with different adsorbent dosages

3.5 Se(VI) adsorption at different NaOH
concentrations

The NaOH concentration plays an important role in
the adsorption mechanisms. It is noted that the
adsorption process of Se(VI) onto Ca—Al-CIl-LDHs
includes the surface adsorption, the interlayer anion
exchange and the intercalation by reconstruction of the
structure [27]. Therefore, NaOH concentration can not
only affect the oxyanion migration to the surface of
adsorbent, but also trigger the competition between
Se(VI) ion and hydroxide ion for anion exchange within
the hydrocalumite [29,30]. In the present study, NaOH
concentrations are set as 40, 60, 80 and 100 g/L with the
adsorption temperature, adsorbent material dosage and
initial Se(VI) concentration performed as 50 °C, 30 g/L
and 2 g/L, respectively. As shown in Fig. 11, the
deselenization rate and efficiency increase with the
decreasing NaOH concentration. When the NaOH
concentrations reach 100 and 80 g/L, the equilibriums
are achieved at 60 min, while the deselenization
efficiency in the former is only 30% and only increases
to 60% in the latter. By contrast, when the NaOH
concentration drops to 60 g/L, impressive improvement
of deselenization rate and efficiency is observed as the
equilibrium is achieved at 20 min with a high
deselenization efficiency of 85%. Further decrease in
NaOH concentration to 40 g/L leads to no obvious
improvement.

25
—=— 40 g/L
1 —— 60 g/L
=20 —— 80 g/L
O 100 g/L
2
E 15
E
=
5 1.0
[=]
3 .
> 0.5¢ . .
[9] o H]
wn
0 25 50 75 100 125

Time/min

Fig. 11 Effects of NaOH concentration on Se(VI) adsorption in
Ca—Al-CI-LDHs

As shown in the FESEM images (Fig. 12), the
Ca—Al-CIl-LDHs remain the plate-like morphology with
the uniform size distribution. However, more significant
particle aggregation and increasing average particle sizes
are observed when the NaOH concentrations increase to
80 and 100 g/L. Given the significant impact of NaOH
concentration on the surface charge of LDHs, zeta
potentials were tested in four solutions of different
NaOH concentrations. The results show that the zeta
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Fig. 12 FESEM images of Ca—Al-CI-LDHs collected after adsorption experiment at different NaOH concentrations: (a) 40 g/L;

(b) 60 g/L; (c) 80 g/L; (d) 100 g/L

potentials range from (—9.65£1.16) to (—14.93+1.23) mV
when the NaOH concentration drops from 100 to 40 g/L.
In the highly caustic solution (1.0—2.5 mol/L NaOH),
deprotonation effect will occur on the surface of
adsorbent material as suggested by the equation of
surface —OH+OH — surface —O +H,O [31]. A less
stable system with more significant particle aggregation
is thus found with the high NaOH concentrations up to
80 and 100 g/L, resulting in the decrease of available
binding sites for Se(VI).

The XRD spectra further display no structural
changes from the standard monoclinic LDHs structure
(PDF 31-0245) as Ca,Al(OH)s(H,0),Cl (Fig. 13(a)).
The FT-IR and XPS analyses were also employed. In the
FTIR spectra, the peaks assigned to the hydrogen-bonded
hydroxyls significantly move from 3480 cm™' in the
relatively low NaOH concentrations of 40 and 60 g/L to
3520 cm ' in the high NaOH concentrations of 80 and
100 g/L [1,16—17] (Fig. 13(b)). Considering the reduced
active sites at higher temperatures, these results
combinedly confirm the endothermic process of a
competition reaction between Se(VI) ion and hydroxide
ion for anion exchange within the hydrocalumite [18].
The decreased active sites for Se(VI) thus account for the
reduction of deselenization efficiency. It is also noted
that an inconspicuous peak at 2930 cm™' is observed,
which could be ascribed to the hydrogen-bonded

hydroxyls to the carbonate anion. This result is caused by
the more severe dissolution of CO, in the caustic
solutions. The high-resolution Ols XPS spectra further
demonstrate that the deconvoluted peaks at 530.7 eV
(M—O form) are significantly enhanced in processed
Ca—Al-Cl-LDHs, indicating the deposited selenium-
containing hydroxide precipitates on the surface
(Fig. 13(c)). The relative contents of —OH form further
increase from 58% in 100 g/L NaOH to 67% in 40 g/L
NaOH, suggesting that more active sites have been
occupied in the highly caustic solutions and the
adsorption of Se(VI) is thus hindered. Moreover, high
NaOH concentration could be unfavorable to the
adsorption of Se(VI) that the increased liquid viscosity
could limit oxyanions migration and lead to poor
diffusion rate [32]. Therefore, to minimize the
unfavorable impact of high NaOH concentration and to
meet the situation in practical wastewater, we select
60 g/LL NaOH as the optimum concentration. In summary,
the optimum adsorption condition is determined that the
adsorption temperature is 50 °C, the adsorbent dosage is
30 g/L, and the NaOH concentration is 60 g/L.

3.6 Adsorption kinetics of Se(VI) on Ca—Al-CIl-LDHs

The adsorption kinetics of Se(VI) on the
synthesized LDHs was investigated and the adsorption
process with respect to the reaction time was also
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Fig. 13 XRD spectra (a), FTIR spectra (b), high resolution O 1s
XPS spectra (c) of Ca—Al-ClI-LDHs collected after adsorption
experiment at different NaOH concentrations

fitted [33]. The kinetics curve shows a rapid adsorption
in the first 15 min, after which the equilibrium is
immediately reached (Fig. 14(a)). The initial rapid
adsorption of Se(VI) could be attributed to the abundant
available sites on the surface. Controlled by the reverse
adsorption—desorption process and ion exchange rate, the
reaction reaches the equilibrium. According to the
pseudo-first-order and pseudo-second-order models,
In(g.—q,) and #/q,are selected as the dependent variables,
respectively, where ¢. (mg/g) and g,(mg/g) correspond to
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Fig. 14 Effects of adsorption time on Se(VI) adsorption in
Ca—Al-CI-LDHs (a), and adsorption kinetics fitting of Se(VI)
in Ca—Al-CI-LDHs by pseudo-first-order (b) and pseudo-
second-order (c) models

the adsorption amount of the adsorbate at equilibrium
and at time ¢ [20]. The fitted curves of nonlinear
regression show that the equilibrium data are described
better by the pseudo-second-order models, which is
elucidated by the higher correlation coefficient (R%) of
0.999 than that in the pseudo-first-order model of
0.727 (Figs. 14(b) and (c), Table 2). This indicates that
the adsorption process is a second-order adsorption
kinetics system and controlled by the chemical
adsorption [34].
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Table 2 Adsorption kinetic parameters for Se(VI) adsorption onto Ca—Al—Cl-LDHs

Pseudo-first-order equation

Pseudo-second-order equation

Geery/(mg'g ")

ky/min”! Gecal(mg-g ") R

ky/(g-mg ' min ") Geca(mg'g ") R

40.4 0.0935 11.2 0.727

0.0175 41.4 0.999

3.7 Adsorption isotherms of Se(VI) on Ca—Al-Cl-

LDHs

To evaluate the adsorption characteristics of the
synthesized LDHs, two isotherm models including
Langmuir and Freundlich models were employed to
analyze the adsorption data. The fitted isotherm
parameters exhibit a better correlation coefficient of
0.952 in the Langmuir model, which assumes a
monolayer adsorption onto homogeneous surface with a
finite number of identical sites and no lateral interaction
as well as steric hindrance between the adsorbate
molecules (Fig. 15) [21,35,36]. By contrast, the
correlation coefficient in the Freundlich model is only
0.842. Therefore, we confirm that the adsorption of
Se(VI) onto Ca—Al-CI-LDHs is mainly the monolayer
adsorption. Moreover, as calculated from the isotherms
obtained at Se(VI) equilibrium concentration, the
maximum adsorption capacity (g,,) on the synthesized
Ca—Al-CIl-LDHs at 50 °C reaches 188.6 mg/g (Table 3).
It is noted that in most reports, calcined forms of LDHs
exhibit higher adsorption capability [28], whereas for the
uncalcined forms of LDHs in present study, the
as-obtained Ca—AI-CI-LDHs possess an impressive
adsorption capacity with a favorable process of low
temperature, acceptable adsorbent dosages and high
alkali concentration. These results thus suggest that the

160 -
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Fig. 15 Adsorption isotherms of Se(VI) onto Ca—Al-CI-LDHs

Table 3 Langmuir and Freundlich adsorption isotherm
parameters of Se(VI) onto Ca—Al-CIl-LDHs

Langmuir model Freundlich model
dn/mg-g) K/L-mgh) R Kk n R
188.6 0.86 0.952 8273 040 0.842

synthesized Ca—Al-CI-LDHs are
industrial application.

promising  for

4 Conclusions

(1) The synthesized Ca—Al—CI-LDHs exhibit a
plate-like morphology and hexagonal crystal structure
with the typical mineral phases and functional groups.

(2) Ca—Al-CI-LDHs synthesized with the forward
feeding method possess better adsorption capacity of
Se(VID).

(3) The optimum adsorption conditions are
determined that the adsorption temperature is 50 °C, the
adsorbent dosage is 30 g/L, and the NaOH concentration
is 60 g/L.

(4) The adsorption kinetics and isotherm parameters
can be well described by the pseudo-second-order and
the Langmuir isotherm models, respectively. The
maximum adsorption amount of Se(VI) onto Ca—Al-Cl
LDHs at 50 °C reaches 188.6 mg/g.
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