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ABSTRACT

The removal of Ca** and Mg* in saline wastewater is a significant environmental problem. In this
paper, an innovative way to remove Ca* and Mg?" ions by Mg—Al layered double oxides (LDOs) was
studied. During the process, the adsorption of Ca* and Mg* was synchronous with the lattice recon-
struction of Mg—Al layered double hydroxides (LDHs). The study found that adsorption isotherm at
four experimental temperatures follows the Langmuir isotherm model. The maximum Ca* and Mg*
adsorption capacities were 305.31 and 105.99 mg/g, respectively. The thermodynamic parameters cal-
culated from the temperature-dependent isotherms indicated that the adsorption was a spontaneous
and endothermic process, and the adsorption kinetics followed the pseudo-second-order model.
Certain competitive and mutually promoted effects were observed during the Ca* and Mg* adsorp-
tion process in the binary ion system. Regeneration experiment showed that LDOs have excellent
repeatability. The removal percentage of Ca* and Mg* in actual desulfurization wastewater can reach
more than 70%. Further, the results of X-ray diffraction and scanning electron microscopy indicated
that the structure of hydrotalcite lamellae collapsed after calcination, though the structure of hydrotal-
cite gradually recovered through a series of chemical reactions with the adsorption of Ca* or Mg* and
the insertion of anion during the adsorption process.
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1. Introduction

Heavy metal ions in wastewater received significant
research attention due to their toxicity [1]. However, only
limited attention has been given to salinity of wastewater,
although strict environmental regulations exist for con-
trolling the total salinity. With increased awareness of climate
change, water pollution and other environmental issues, the
relevant environmental protection standards have become
more stringent. The salinity in sewage is already an important
indicator in the emission standards. In recent years, increased
demand for electricity has led to excessive SO, emission from
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coal-fired power plants and caused severe smog in many
areas of China. To meet the strict emission standards [2], wet
limestone-gypsum flue gas desulfurization process has been
widely used for the removal of SO, [3] and for the preven-
tion of haze. The desulfurization produces saline wastewater
that would require desalination treatment before discharge.
Unfortunately, the calcium, magnesium and sulfate ions in
the saline wastewater are significantly higher for traditional
reverse osmosis and evaporation operations [4]. In addition,
ion exchange or membrane separation method is suitable
only for the tertiary treatment of drinking water and other
low salinity water, while they are inappropriate for the treat-
ment of wastewater with high calcium and magnesium. It is
worthy to note that non-toxic ions such as Ca* and Mg* can
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cause scaling and blockage in the equipment when desalting
the industrial wastewater with high calcium and magnesium.
Therefore, it is important to remove Ca* and Mg?* before fur-
ther processing the highly saline wastewater treatment. This
aspect is also an innovative outcome of this study.

Various methods such as extraction, ion exchange,
adsorption, membrane filtration, chemical precipitation
and biological treatment [5,6] have been investigated for
the removal of metal ions from wastewater. Among them,
the adsorption method was found to be efficient and envi-
ronmentally benign [7]. Compared with other adsorbents
such as cork bark and grape stalks wastes, layered dou-
ble hydroxides (LDHs) are more efficient, economical and
non-toxic with special layered structure and large spe-
cific surface area. Additionally, they are easy to prepare.
Therefore, LDHs have been extensively utilized as efficient
adsorption materials for adsorbing various anions [8,9] and
metal cations [10].

Several modifications have been proposed for LDHs to
improve their adsorption capacity. Some studies investi-
gated the use of LDHs modified with humate, ammonium
sulfate and dodecyl sulfate for metal adsorption [11,12], and
found limited increase in the adsorption efficiency com-
pared with LDHs. Similarly, calcined LDHs (layered double
oxides [LDOs]) possess higher specific surface area and well
developed pore distribution than the pristine hydrotalcites.
Moreover, LDOs have good regeneration capacity. LDOs
exhibit superior adsorption capacities for anionic ions than
LDHs in aqueous solutions, which had been confirmed in
many previous studies [13]. In recent years, because of its
memory effect and surface alkalinity, the adsorption of metal
cations by LDOs has received significant research attention
[14]. It has been reported that the study of the adsorp-
tion mechanism focuses on the combined action of surface
adsorption and surface precipitation and the memory effect
of LDOs [15]. Therefore, the material has excellent adsorp-
tion properties. Thus, the adsorption of Ca* and Mg* by
LDOs was investigated in this study.

The LDO samples can transform to their original
structures of LDHs in aqueous solution if calcined below
550°C [16] due to the structure memory effect [17].
LDHs are anionic clays, also known as hydrotalcites
compounds. They are represented by the general formula

of [M?,XMEI (OH)J (A’”)WmHZO [18]. The structure
consists of brucite-like layers with a x positive charge due
to the substitution of trivalent metal cations M™ for bivalent
metal cations M". These layers are balanced by an equivalent
interlayered negative charge (A™),,, where n is the negative
charge of anion [19]. Using Mg—Al hydrotalcite as an example,
the uptake process of divalent cations (M*") on LDOs can be
represented by the following formula [14]:

Mg, ALO,. ,+=A" +(m+1+ %)HZO
n

1+x/2
+zM* Mg, M,AlLOH,,, (A"),, -mH,0 1
+(x—2z)OH"

Ca?" and Mg* are important factors that affect the func-
tion of water bodies. Treatment of saline wastewater with

high hardness is of a great significance. This paper is one of
the few studies on the removal of hardness in wastewater by
adsorption. Due to the large surface area, high porosity and
specific structure, LDOs have been extensively utilized as
efficient adsorption materials for adsorbing various anions
and heavy metal ions but only limited attention has been
given to the treatment of hardness of high salinity waste-
water by LDOs. Therefore, in this study, the Ca*" and Mg?*
adsorption capacities of Mg—Al LDOs were investigated.
Adsorption kinetics, isotherms, thermodynamics and com-
petitive adsorption were also studied. Further, the adsorption
mechanisms were analyzed in detail using X-ray diffraction
(XRD), scanning electron microscopy (SEM), the Brunauer—
Emmett-Teller (BET) method and electron dispersive X-ray
analysis (EDX).

2. Materials and methods
2.1. Materials

The chemicals, Mg(NO,),-6H,0, AI(NO,),-9H,0O,
NaOH and Na,CO,, CaCl, and MgCl-6H,O, were of
analytical reagent grade and used as received without
further purification. Deionized and ultrapure water were
used in all experiments. The synthetic magnesium and
calcium chloride solutions (concentration: 10,000 mg/L)
were used as stock solutions. The pH was adjusted using
pre-determined volumes of 0.1 M HNO, and 0.185 M
Na,CQO, solutions.

2.2. Synthesis of Mg—Al LDHs and Mg—Al LDOs

The well-crystallized Mg, Al-CO, LDHs were prepared
using the co-precipitation method [20]. Solution A was
prepared by mixing 15.3 g of Mg(NO,),-6H,O and 7.5 g of
AI(NO,),9H,O at a Mg*/AI** molar ratio of 3:1 in 200 mL
deionized water. Solution B was prepared by mixing 1.6 mol
of NaOH and 0.1 mol of Na,CO, in 250 mL deionized water.
Solutions A and B were added dropwise to a vessel con-
taining deionized water (400 mL) under vigorous stirring.
Meanwhile, the pH of the mixture was controlled at 10 = 0.5
[21]. After stirring for 2 h, the precipitate was separated by
vacuum filtration, and then was aged at 80°C for 24 h to
obtain LDHs. Calcination of Mg—Al LDHs (Mg—-Al LDOs)
was carried out in a muffle furnace at 450°C for 2 h to prepare
calcined samples.

2.3. Adsorption kinetics

Kinetics experiments were carried out in a thermostat
shaker at a constant speed of 150 rpm at 25°C, 35°C, 45°C and
50°C. The initial concentration of Ca*" and Mg*" in saline solu-
tion was 500 mg/L, the volume of solution was 100 mL, and
the sorbent dosage was 1 g/L. The initial pH of the Mg*" solu-
tion was about 9 and was adjusted using 0.185 M Na,CO,.
However, the initial pH of Ca® solution was neutral without
adjustment. A 2 mL supernatant liquid was taken for centrif-
ugation at 0, 10, 30, 50, 90, 120, 180, 240 and 300 min time
intervals. They were filtered through 0.22 um membrane,
and the filtrates were analyzed by the flame atomic absorp-
tion spectrophotometer (TAS-990).
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The Ca*" and Mg*" adsorption capacities of LDOs were
calculated using the following formula:

qf,(’ = (CO - Ct,rz)v/m (2)

where g, , is the sorption capacity of adsorbent at the time ¢ or
equilibrium (mg/g), V is the volume of solution in L, m is the
mass of LDOs in g, C is the initial concentration of Ca* and
Mg* (mg/L) and C,, is the concentration at # (min) or equilib-
rium (mg/L) [12,22].

2.4. Adsorption equilibrium

The isotherms for Ca* and Mg?*" sorption by LDOs were
performed at different temperatures (25°C, 35°C, 45°C and
50°C) at the initial Ca* concentrations of 200, 400, 600, 800
and 1,000 mg/L, and at the initial Mg* concentration of
100, 200, 300, 400 and 500 mg/L for 300 min contact time at
150 rpm. The test method was same as before, except for the
adsorption time.

2.5. Competitive adsorption study

The solutions were prepared with a mixture of Ca* + Mg*"
(500 mg/L + 500 mg/L). The volume of solution was 100 mL
and the sorbent dosage was 1 g/L. The initial solution pH
was about 8 and was adjusted using 0.185 M Na,CO,. The
test temperature was set at 35°C. A 2 mL supernatant liquid
was taken for centrifugation at 0, 10, 30, 50, 90, 120, 180, 240
and 300 min time intervals. They were filtered by 0.22 pum
membrane and the filtrates were analyzed using the flame
atomic absorption spectrophotometer [23].

2.6. Reusability and application in actual wastewater

To determine the reusability of the adsorbent, adsorp-
tion/calcinations cycles were repeated five times using the
same LDO sample. Adsorbent (600 mg) was placed in 100 mL
of Ca?" (or Mg?*) solution at the concentration of 500 mg/L at
the temperature of 308.15 K for 5 h, every time.

The Ca* or Mg* removal percentage was calculated
using the following equation [24]:

Removal (%) = Cog €, x100% 3)

0

where C, (mg/L) and C, (mg/L) are the Ca* or Mg*
concentrations at the beginning and at time ¢, respectively.

The treatment of actual desulfurization wastewater
from a coal-fired power plant by LDOs was also studied.
The adsorption experiment was conducted soon after tak-
ing water sample. The wastewater was first filtered through
0.25 pm membrane to remove the suspended solids. Since
this study mainly investigated the removal of Ca®* and
Mg?, initial concentrations of Ca* (1,620.5 mg/L) and Mg*'
(3,066.4 mg/L) were measured. The original pH of actual
wastewater was measured about 8.45 because of the previous
traditional treatment. The experiment was carried out for 5 h
at 30°C to calculate the Ca®" or Mg* removal rate.

2.7. Characterization

XRD patterns for the prepared samples were recorded
using a Rigaku D/MAX-RA instrument with Cu Ka radia-
tion (A = 0.154184 nm) at 40 kV and 50 mA in the 20 range
of 2°-70° with a scanning rate of 8°/min. The specific surface
area was measured using N, adsorption/desorption at 77 K
using a Quantachrome SI system. The pore-size distributions
of samples were calculated from desorption curve according
to the Barrett-Joyner-Halenda method [20]. SEM images and
EDX were produced using the Hitachi S-4800 microscope
and EDAX instruments, respectively [25].

3. Results and discussion
3.1. Characterization of LDOs

Fig. 1 shows the XRD patterns of uncalcined and calcined
LDHs. Mg-Al LDHs exhibited characteristic reflections of
003, 006, 012 and 110 at 20 = 11.41°, 23.42°, 36.31° and 60.74°
with intense and sharp reflections, indicating that the mate-
rial consisted of a single crystalline phase and was well crys-
tallized [26,27]. For calcined hydrotalcites, the characteristic
peaks (003) and (006) of hydrotalcites disappeared [28]. The
reflections of MgO at 20 = 42.60° and 62.50° can be observed,
suggesting that the layered octahedral structure of LDHs
was destroyed, while the anions and interlayer water disap-
peared, and was composed of mixed oxide of Mg(Al)O.

Typical N, adsorption and desorption isotherms, along
with the pore size distributions of the LDHs and LDOs are
shown in Fig. 2. The adsorption—desorption isotherms fol-
lowed a type IV according to the IUPAC classification with H,
hysteresis loop, suggesting that the material was mesoporous
[29]. The N, adsorption-desorption isotherms show that the
LDOs had larger mesoporous pore diameter than LDHs.
Further, the BET surface area of LDHs was 102.655 m?%/g,
while that of LDOs was 206.901 m?/g [30]. Evidently, LDOs
had a larger surface area, which could offer more active
adsorption sites, leading to a better ability to adsorb metal
ions.

As shown in Fig. 3, the SEM image of LDHs presented
well-developed layered structure with fine dispersion of the
alveolate-like particles [31,32]. In terms of LDOs, there were
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Fig. 1. XRD patterns for LDHs and LDOs.
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no flakiness structures, and the samples were close-knit and
rough contrarily, because of the collapse of the LDHs layer
sheet structure after the calcination.
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Fig. 2. N, adsorption-desorption isotherms and pore size
distribution (inset) of LDOs and LDHs.
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Fig. 3. Scanning electron microscopy images of uncalcined
(a) and calcined (b) MgAl LDHs.
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3.2. Adsorption kinetics

The variation in the amount of Ca* and Mg*" adsorbed
by LDOs as a function of contact time (0-300 min) at different
temperatures is shown in Fig. 4. Evidently, the adsorption
of Ca? and Mg?*" increased rapidly in the first 50 and 30 min,
respectively, before slowing down and gradually reaching
saturation [33]. In addition, the uptake of Ca*" or Mg* by
LDOs increased with increasing temperature, indicating that
a higher temperature is beneficial to improve the adsorption
process [34,35]. It is hypothesized that the adsorption of Ca*
or Mg* by LDOs is an endothermic process; thus, more active
sites are available in the adsorbents at higher temperatures.

To further investigate the adsorption behaviors for Ca*
and Mg?* by calcined hydrotalcites, the following three
well-known kinetic equations, namely pseudo-first-order
[36], pseudo-second-order [37,38] and intraparticle diffusion
[13] models were used:

In(q, - q,) =Ing, -kt )
tla,=1/(kg?+t/q,) )
q,= k13 (6)

where g, and g, (mg/g) are the amounts of metal ions
adsorbed per unit mass of the adsorbents at time ¢ and at
equilibrium, respectively, k, (min™), k, (g/mg min) and k,
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Fig. 4. Kinetics of (a) Ca* and (b) Mg* adsorption on LDOs from
aqueous solution at different temperatures. Solid lines represent
predicted data by pseudo-second-order.
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(mg/g min®’) are the rate constants of the pseudo-first-order,
pseudo-second-order and intraparticle diffusion models. The
parameters and the correlation coefficients are presented in
Table 1. As evident in Table 1, the correlation coefficients (R?)
of the pseudo-second-order kinetics model are larger than
that of the other two models for both ions. Furthermore, the
q, .. Obtained from the pseudo-second-order kinetics model
is closer to the experimental values (g, ), suggesting that the
pseudo-second-order kinetics model could better describe
the Ca* and Mg?* adsorption process by LDOs. These results
show that chemisorption could have dominated the adsorp-
tion process [14,39]. Furthermore, rate constant, K, and the
equilibrium capacity for Ca*" or Mg?* increased with increas-
ing temperatures (298-323 K), which also indicate that the
increasing the temperature is favorable for adsorption
process.

To understand the rate constant, K,, and the influence
of temperature on the adsorption process, the following
Arrhenius equation, defined as an empirical formula of the
relationship between chemical reaction rate constant and
temperature, was used [40]:

K, = A exp (-E/RT) @)

InK, = InA — E /RT ®)
where E_(k]J/mol) is the activation energy, R (8.314 ]/mol-K) is
molar gas constant and A [g/(mg min)] is the pre-exponential
factor. The adsorption activation energy (E,) for Ca* and
Mg?* calculated based on InK, vs. 1/T plot is presented in
Table 2. As evident in Table 2, the activation energy (E,) for
Ca? and Mg?* is greater than 20 kJ/mol, indicating that the
Ca? or Mg*" adsorption process was similar and controlled
by the reaction rate of metal ions adsorbed on LDOs rather
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than by diffusion [16,41]. Thus, it can be concluded that pro-
cess of Ca*" or Mg* removal by LDOs is chemical adsorption.

3.3. Adsorption isotherm

Adsorption isotherms are mathematical models that
were used to determine the Ca** and Mg* removal capaci-
ties of LDOs. For the liquid—solid system, the Langmuir and
Freundlich equilibrium models are generally used [17], and
the corresponding isotherm equations are given as follows
[42,43]:

Ce/qe = 1/quL + Ct/qm (9)

Ing,=InK, + 1/n InC, (10)
where C, is the equilibrium metal ion concentration in the
solution (mg/L), g, (mg/g) is the maximum adsorption capac-
ity, K, (1/mg) is the Langmuir isotherm constant, and K,
and 7 are the Freundlich constants related to the adsorption
capacity and intensity of adsorption, respectively. The plots
for the Langmuir model for Ca* and Mg?* adsorption by
LDOs at 298-323 K are shown in Fig. 5. It can be concluded
that the metal ion adsorption process is explained better by
the Langmuir model with R? > 0.99 (Table 3) [32], suggesting
that active sites were generally distributed uniformly on the
surface of LDOs and the adsorption process was monolayer
adsorption [44,45]. Furthermore, as per Fig. 5, the adsorption
capacity increased with increasing equilibrium concentra-
tions of Ca* and Mg?*". For the same equilibrium concentra-
tion, the amounts of Ca* and Mg* increased with increasing
temperature, which is in agreement with the outcomes of
kinetic study results. Therefore, the Ca*" and Mg* adsorption
capacities of LDOs were the maximum when initial Ca* and

Table 1
Kinetic constants of Ca* or Mg* adsorption on LDOs for initial concentrations of 500 mg/L at different temperatures and analyzed
by different models
T (K) J,exp (Mg/g) Pseudo-first-order Pseudo-second-order Intraparticle diffusion
Goen (MB/8) K (min™) R? Qoen (M8/8) K, (§/mgmin) R? K R
Ca* 298.15 76.5289 76.8066 0.01154  0.9715 96.1538 1.257E-04 0.9912  4.62644  0.9885
308.15 92.1 72.4075 0.01185  0.9765  102.669 2.250E-04 0.9990 527914  0.9197
318.15  113.8218 89.9820 0.01516  0.9860  125.313 2.636E-04 0.9999  6.4835 0.8803
32315 137.31 98.8615 0.01528  0.9703  147.710 2.868E-04 0.9998  7.5252 0.8438
Mg*  298.15 45.0584 44.3437 0.01458  0.9894 54.113 3.190E-04 0.9994 274933  0.9522
308.15 68.6027 54.5229 0.01256  0.9736 74.850 4.081E-04 0.9939  3.72265  0.9206
318.15 88.0607 60.3759 0.01279  0.9671 93.371 5.050E-04 0.9958  4.49023  0.8503
323.15  105.9862 67.4253 0.01676  0.9737  110.988 6.199E-04 0.9989 523046  0.7627
Table 2
Relevant parameters of the activation energy for Ca* or Mg? adsorption on LDOs at different temperatures
E, (kJ/mol) InA InK, R?
298 K 308 K 318K 323K
Ca* 25.099 1.238 -8.982 -8.400 -8.241 -8.157 0.8344
Mg* 20.167 0.0733 -8.047 —-7.804 -7.591 -7.386 0.9774
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Mg?*" concentrations were 1,000 and 500 mg/L, respectively,
reaction time was 300 min, and the temperature was 323.15 K.
Additionally, LDOs had higher affinity for Ca?" adsorption
than Mg?*" adsorption.
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A 318.15K:exp.points
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= 298.15K.exp.points
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1 L . | . N
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Fig. 5. The adsorption isotherms of (a) Ca** and (b) Mg* on LDOs

at different temperatures. Solid lines represent predicted data by
Langmuir model.

Table 3

3.4. Adsorption thermodynamics

The thermodynamic parameters were analyzed to inves-
tigate the inherent energetic changes during adsorption [46].
The following thermodynamic parameters such as changes
in Gibbs free energy (AG®°, kJ/mol), enthalpy (AH®, k]J/mol)
and entropy (AS°, kJ/mol/K) [38,40,47,48] were used (Table 4
and Fig. 6):

AG® = AH® — TAS® 11)
AG® =—RTInK,, 12)
InK, = AS°/R — AH°/RT 13)
K,=q/c, (14)

where T is absolute temperature (K), K, is the distribu-
tion coefficient and R is the standard molar gas constant
(8.314 J/mol K).

The negative values of AG® (Table 4) indicate that the
adsorption by LDHs was a spontaneous process. In addi-
tion, AG® decreased with increasing temperature, that is, the
spontaneous adsorption process is easier at higher tempera-
ture. The positive AH® shows that the adsorption process
was endothermic [44], while the positive AS® indicates an
increased randomness at the solid/solution interface during
the adsorption process [12]. According to the AG® and AS°
for Ca*" and Mg?, the LDOs had higher affinity for Ca*" than
Mg?". The results confirm that adsorption rate and uptake
capacity of Ca* or Mg? increase with increasing temperature
[46], which is in agreement with the outcomes of the kinetic
study (Fig. 4 and Table 1). The symbols in all equations is
listed in Table 7.

Isotherm parameters obtained using a linear method for the adsorption of Ca* and Mg* on LDOs at different temperatures

Langmuir adsorption model

Freundlich adsorption model

T (K) Qo (Mg/8) K, (L/mg) R K (mg/g) (L/mg)"™  n R?
Ca* 298 252.5253 0.00397 0.9986 10.6615 2.2789 0.9833
308 355.8719 0.00336 0.9938 9.8947 2.0117 0.9935
318 359.7122 0.00457 0.9936 15.4913 2.2492 0.9902
323 396.8254 0.00446 0.9964 15.6123 2.1807 0.9930
Mg 298 51.8403 0.03914 0.9985 23.7177 8.2994 0.9952
308 65.48789 0.05443 0.9981 36.9021 11.3096 0.9812
318 87.0322 0.06935 0.9995 44.1516 9.0277 0.8788
323 94.3396 0.11901 0.9999 59.7859 13.1874 0.8499
Table 4
Thermodynamic data for adsorption of Ca* or Mg* onto LDOs at temperatures ranging from 298 to 323 K
AH (kJ/mol) AS (kJ/mol K) AG (KJ/mol)
298 K 308 K 318K 323 K
Ca? 19.036 0.0645 -0.1850 -0.8300 -1.4750 -1.7975
Mg? 51.487 0.17802 -1.56296 -3.34316 -5.12336 —-6.01346
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3.5 Competitive adsorption

The three kinetic models (Egs. (4), (5), and (6)) were
used to investigate the potential co-adsorption mech-
anism for Ca* and Mg?*. As evident in Table 5 and Fig. 7,
adsorption of the binary system is in accordance with the
pseudo-second-order model. The rate constant, K,, for Ca* in

0.6 "
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Fig. 6. Van't Hoff plot for adsorption of Ca* or Mg* by LDOs.
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the single system is 2.250 x 10~ g/mg min, while it increased to
3.043 x 10* g/mg min in the binary system. However, the Mg?'
adsorption constant decreased from ~4.081 x 10 g/mg min to
~3.772 x 10* g/mg min. Hence, during the co-adsorption of
Ca? and Mg?, the adsorption was more favorable for Ca*
than Mg*. In addition, the total Ca* and Mg?*" adsorption
capacities in the binary system were larger than those in single
systems, although the equilibrium Ca® and Mg*" adsorption
capacities in the single system were 92.10 and 68.60 mg/g,
respectively, which reduced to 78.50 and 61.98 mg/g in the
binary system. As such, mutual promotion existed between
Ca? and Mg?" in the binary adsorption system. Therefore, the
simultaneous removal of Ca* and Mg* in wastewater is pos-
sible. Further, the results show that Ca* and Mg?* competed
for the limited number of active sites of LDOs with an equal
binding force [49,50].

3.6. Reusability and application in actual wastewater

It is of great economic value to evaluate the regenerative
behavior of the adsorbents. The adsorption of Ca* or Mg*
using LDOs regenerated after treatment at 308 K for five
times is shown in Fig. 8. It can be concluded that most
Ca? and Mg* could be removed under the experimental
conditions during the first three adsorption processes. In
addition, the removal efficiency can still reach more than
50% in the fifth time. These results indicate that LDOs
could be efficiently recycled to remove Ca* and Mg* in
solutions. The decrease in the adsorption efficiency can be
attributed to the decrease in the crystallinity of the recycled
adsorption material and the gradual decrease of the avail-
able adsorption sites with increased number of cycles [14,51].
The total amount of Ca* and Mg* removed was 360.08 and
312.55 mg/g, respectively. Table 6 shows the characteristics
of actual desulfurization saline wastewater from a coal-fired
power plant. It can be concluded that the removal of Ca* or
Mg* in actual desulfurization wastewater can reach more
than 70%. The equilibrium Ca* and Mg?* concentrations

Kinetic parameters of pseudo-first-order, pseudo-second-order and intraparticle diffusion models at test temperature (308.15 K) for

Ca? and Mg* in single/binary systems

Ty (ME/B) Pseudo-first-order Pseudo-second-order Intraparticle diffusion
e (Mg/g) K, (min)  R? ca (Mg/g) K, (g/mg min) R k, R?

Single system

Ca* 92.1 72.4075 0.01185 0.9765 102.669 2.250E-04 0.9990 5.27914 0.9197
Mg* 68.6027 54.5229 0.01256 0.9736 74.850 4.081E-04 0.9939 3.72265 0.9206
Binary system

Ca* 78.5 60.1878 0.01131 0.9681 86.655 3.043E-04 0.9977 4.42243 0.9118
Mg 61.9821 50.0684 0.01212 0.9787 68.729 3.772E-04 0.9972 3.49634 0.9279

Table 6

Investigation on the effective treatment of actual desulfurization wastewater by MgAl LDOs

Type of wastewater Ions Initial concentration (ppm)  Equilibrium concentration (ppm) Removal (%)
Desulfurization wastewater Ca* 1,620.5 450.7 72.2
Mg? 3,066.4 637.5 79.2
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were 450.7 and 637.5 mg/g, respectively, which can ensure
zero discharge of desulfurization wastewater through fur-
ther processing with reverse osmosis and evaporation. The
adsorption of heavy metal ions by LDOs has been investi-
gated in the previous studies [14,21]. The co-adsorption of
trace heavy metal ions, Ca? and Mg?* in actual desulfuriza-
tion wastewater can be achieved. Thus, Mg—Al LDOs as sor-
bent is valuable for practical applications [8,32].

3.7. Adsorption mechanism

The above experiments indicated that the Ca*" and Mg*
adsorption processes by LDOs are endothermic and spon-
taneous chemical adsorption. To further understand the

100

80 -

60 -

g
2 wf
o
20 -
e Ca”’
= Ca”'+Mg*
or Pseudo-second-order Fit
L L I N L 1 1
0 50 100 150 200 250 300
t(min)
70
60 |-
50 |
0|
EJ
j=3 -
g 30
o
20 |
10 ° Mgh
5L " Casmg?
Pseudo-second-order Fit
10 L L

I ! L L L
0 50 100 150 200 250 300
t(min)

Fig. 7. Pseudo-second-order models fit for (a) Ca* and (b) Mg*
adsorption by LDOs ([Ca* + Mg*] =500 mg/L + 500 mg/L).
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Fig. 8. Removal efficiency of Ca* or Mg* in different
cycles by using LDOs ([Ca*] = [Mg*] = 500 mg/L, T = 35°C;
LDOs = 0.6 g/100 mL).
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mechanism as shown in Fig. 13, the change in pH in the solu-
tion and the characteristics of the sample before and after the
adsorption were measured. The solution pH variation was
studied at the kinetic adsorption condition at 35°C. As evi-
dent in Fig. 9, the initial pH of Mg* solutions was adjusted
with Na,CO, to about 9. However, for Ca*, the pH was not
adjusted. The possible mechanism can be hydrolysis reac-
tion occurred on the surface of adsorbent, when the parti-
cles of Mg—Al LDOs were exposed to aqueous solutions.
Consequently, hydroxyl ions were released and pH rapidly
increased (Fig. 9), leading to the formation of calcium and
magnesium hydroxide attached on the surface of adsorbent
because of the high OH' solution gradient. Several studies
have investigated the heavy metal adsorption mechanism of
LDOs. Heavy metal ions easily precipitated as their hydrox-
ides because of the low relative stability and transferred from
water to solid phase. During the adsorption process, precipi-
tates could not be observed in solutions, though heavy metal
ions were largely removed according to the kinetics experi-
ment. Due to the high relative stability of calcium hydroxide
(K,=55x 10) and magnesium hydroxide (K, =18x 101,
the removal process tends to be surface adsorption. The effect
of surface precipitation deposition was eliminated effectively
reflecting the intrinsic adsorption properties of the material.
Ca?", Mg? and AI** were released because of the ionization of
hydroxide, and combined with the hydroxyl again to form
octahedral lamellar structure. Because of the existence of tri-
valent cations Al**, the sheets had a resultant positive charge.
The above reactions proceeded on the new adsorbent sur-
face in oxide state. Thus, a mass of metal ions was removed
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Fig. 9. Variations of pH in various adsorption processes
([Ca*] = [Mg*]=500 mg/L, T =35°C, LDOs =1 g/L).
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from the liquid phase, producing more single-sheet octahe-
dral groups with positive charges. To balance the charge and
maintain a stable structure, the anions were inserted to bal-
ance the charge and connect the laminates. Many layers com-
bined with each other, along with the adsorption of Ca*and
Mg?" at the same time, restored the hydrotalcite structure. As
the layer structure recovered, the adsorption of Ca* and Mg*'
increased.

To further investigate the mechanism of Ca* or Mg*
adsorption by Mg-Al LDOs, the samples after adsorption
were characterized by XRD, SEM and EDX. As evident from
the XRD patterns of LDO-Ca and LDO-Mg shown in Fig. 10,
the characteristic peaks of LDH ((003), (006), (012), (110))
appeared again, indicating that the collapse structure of LDH
can recover during Ca* and Mg?* adsorption from aqueous
solutions.

The particle morphology of LDOs after Ca?" and Mg*'
adsorption was investigated using the SEM images shown in
Fig. 11. As can be seen in Fig. 11, the original layered struc-
ture with abundant flakiness with alveolate-like morphol-
ogy was observed. Meanwhile, the chemical composition of
LDO-R was analyzed using the corresponding EDX energy
spectra. As can be seen from Fig. 12, the elemental basis (Mg,
Al, C and O) for reconstructing the structure of LDHs com-
pounds can be observed in the EDX spectra. Moreover, Ca
element could also be observed, indicating the existence of
Ca” in the structures of adsorbent.

The solution pH was greater than 7 during the adsorption
of Mg? (alkaline environment), because Mg*" is an element of
hydrotalcite, and the adsorption of Mg?* can be seen as the syn-
thesis of hydrotalcite with the change in Mg/Al ratio. This pro-
cess occurs in the alkaline environment. Therefore, adjusting
the initial pH to alkaline is beneficial to the removal of Mg*".
According to the calculation, the Mg?* precipitates when the
pH is about 10.5. Thus, the pH should be less than 10.5 to avoid
direct precipitation. However, Ca* precipitation occurs at the
pH of 12.05. Hence, the adsorption experiments can be carried
out in the neutral environment, and do not require pH adjust-
ment. The above results suggest that most Ca*" was finally
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Fig. 10. X-ray diffraction patterns of LDO-Ca or LDO-Mg (after
Ca* or Mg* adsorption on LDOs).
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Fig. 11. The scanning electron microscopic (SEM) image of
LDOs-Ca (a) or LDOs-Mg (b).

Fig. 12. The electron dispersive X-ray analysis (EDX) of LDOs-Ca
(a) or LDOs-Mg (b).



288 X. Zhang et al. / Desalination and Water Treatment 108 (2018) 279-290

MgAIlLDHs

Mg(NOy)-6H,0

> AINO)s SHO \{\Aﬂ\ﬁ&[’\?ﬁ
e * dn

o
Co-precipitation 5 o
NH;HCO; '
NHs-H,0 £

somorphous

L ]
T
o
o

MgAILDOs

| | |
Py 9
O—mMg—0—Al—O0—Mg—O-
| | ‘ + HHQO /,OH caz Mg2* '\T DE D|H T
! o o \ H o H | —HO— Mg — OH === Al OH— Mg — OH— C3— OH —
| ‘ ‘ (\) P J) H,«"OH o U‘H OH OH OH
I\JI H | \ ‘ M RO () e (oY
f; B — HO— Mg— O Al o—MF—ow N
/ | \ OH
0 o / OH- OH OH oH/ OH
OH OH
"’;’Jg "'D,.,_A':__ ? o ulg—o rrrrr AP oM —on—
Jea, T
) d B— o ? \ o H OH
/ of [ ! o
1’ oH- Ca’ oH Mg?
MgAl LDOs

202 G A wed

OH O‘H OH O‘H
—HO— rJlg— OH - Al OH— !\J\g — OH—Ca—OH—

OH OH OH OH
OH OH OH OH

—HO— V\JIg—OH ------ A‘I ----- OH— !\J\g —OH—c‘k OH—

OH OH OH OH

LDHs

Fig. 13. The probable adsorptive mechanism between hardness ions (Ca* or Mg*) and MgAl LDOs.

removed on LDOs by the isomorphous substitution in the
course of LDHs refactoring. The adsorption of Mg* occurred
as the synthesis of hydrotalcite with the change of Mg/Al ratio.

4. Conclusions

In this study, an efficient Mg-Al LDOs adsorbent
with significantly higher uptake capability for Ca*" and
Mg* was developed, by effectively utilizing the intrin-
sic adsorption characteristics of the LDOs material. As the
layer structure of LDHs recovered, the adsorption of Ca*
and Mg* increased. The results suggest that the adsorption

process was in accordance with the Langmuir isotherm
model, and the thermodynamics parameters indicated
that the Ca® or Mg?* adsorption was spontaneous, irre-
versible and endothermic. The maximum Ca* and Mg?*
adsorption capacities were 305.31 and 105.99 mg/g, respec-
tively. The pseudo-second-order kinetic model explained
the adsorption reaction better. Moreover, the Ca® and
Mg?* activation energies were 25.099 and 20.167 kJ/mol,
respectively, suggesting the possibility of chemical adsorp-
tion. The results of competitive adsorption on LDOs showed
that the adsorption capacities are still high when Ca* and
Mg?* coexist in wastewater. Through repeated experiments,
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Table 7
List of symbols in all equations

Symbols Meaning

q,. (mg/g) The sorption capacity of adsorbent at the
time t or equilibrium

C, (mg/L) The initial concentration of Ca* and Mg*

C,. (mg/L) The concentration at ¢ (min) or
equilibrium

V(L) The volume of solution

m (g) The mass of LDOs

k, (min™") The rate constants of the
pseudo-first-order models

k, (g/mg min) The rate constants of the

k; (mg/g min®?)

pseudo-second-order models
The intraparticle diffusion rate constant

A g/(mg min) The pre-exponential factor

E, (kJ/mol) The activation energy

R (8.314 J/mol-K) Molar gas constant

T (K) Absolute temperature

q, (mg/g) The maximum adsorption capacity
K, (1/mg) The Langmuir isotherm constant
K, (mg/g)(L/mg)""  Freundlich constants

AG® (kJ/mol) Changes in Gibbs free energy

AH® (kJ/mol) Enthalpy

AS° (kJ/mol/K) Entropy

K

D

The distribution coefficient

it was concluded that LDOs can be efficiently recycled to
remove Ca* and Mg*. The removal percentage of Ca?" and
Mg? in actual desulfurization wastewater can reach more
than 70% and the adsorbent can be used for the removal
of hardness of ground water and industrial wastewater.
Consequently, its performance indicates the potential use of
this material in real-world applications.
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