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ABSTRACT

In this study, the removal of tripolyphosphate (TPP) was performed over Mg, Ca Fe layered dou-
ble oxide (Fe-LDO, x = 0.0-2.0) and Mg, Ca Al layered double oxide (Al-LDO, x = '0.0-2. 0). For the
preparation of LDO, the thermal process of the pristine LDHs was carried out by thermal gravity
ana1y51s (TGA). It is indicated that the binary metal in Mg, Ca Al layered double hydroxide (Al-LDH,

= 0.5-1.5) was well dispersed while Mg, Ca Fe-LDH showed two separated Ca-Fe-LDH and
Mg Fe-LDH phases in the sample. In TPP removal, the removal amount of TPP over Mg,Fe-LDO and
Mg, Al-LDO was 11.8 and 21.4 mg P/g, respectively. In contrast, Ca,Fe-LDO and Ca,Al-LDO provided
121.0 and 185.0 mg P/g of TPP removal capacity, respectively. Moreover, on ternary Mg, Ca Fe-LDO
and Mg, Ca Al-LDO (x = 0.5-1.5), the sorption amount of TPP in Al-LDO was higher than that in
Fe-LDO. Espec1ally, 117 mg P/g of TPP removal amount was recorded in the case of Mg, .Ca, ,Al-LDO.
This was attributed to the fact that AI-LDO could be reverted to Mg-Al-LDH framework, which pro-
vided OH-metal on the solid surface to improve the TPP adsorption on the adsorbent. The other rea-
son for TPP removal was Ca doping into the Mg-Al-LDH framework in the reformed LDH from LDO,
which improved the affinity of TPP to the adsorbent by TPP precipitation. Therefore, our result pro-
posed that it was advisable and feasible to use LDO for the removal of TPP.
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1. Introduction

Tripolyphosphate (TPP, P,0O,*), as a detergent builder, is
widely used in various industrial production and daily life
[1,2]. Halliwell et al. [3] found that the concentration of TPP in
the inflow reached 2.7 and 1.7 mg/L in peak and in off-peak,
respectively, which were more than the prescribed standards
(0.5-1.0 mg/L). On the other hand, TPP is one species of con-
densed phosphates that are formed through an intermediate
link (PO,) group linking to the fore-and-aft tetrahedral [PO,]

* Corresponding author.

units [4]. Different from orthophosphate (PO,”), TPP can be
slowly hydrolyzed, because [PO,] link is easily affected by
environment and dissociation [5]. Halliwell found that, at
20°C, the half-life of TPP was 3 h in urban sewage. Due to
the slow hydrolysis of TPF, those P stored in TPP will grad-
ually release into the water in the form of orthophosphate,
which leads to aquatic plants with abundant P, and causes
eutrophication [6]. Accordingly, the biological availability
of TPP is often overlooked because it cannot be measured
by the conventional method of the phosphate detection [7].
With the development of *P NMR technology, TPP was
found to directly promote the growth of plant roots, which
resulted in the similar situation to orthophosphate [6]. As a
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result, the presence of TPP is a potential phosphate source
that can improve the eutrophication in ecological systems for
a long time. Therefore, it is extremely urgent and crucial to
develop the technology for the efficient removal of TPP from
wastewater.

Removal of TPP includes physicochemical and biological
technologies [8]. Among these technologies, the adsorption
technique has been recognized as an effective and promising
method. Ferrihydrite, aluminum hydroxide, and mesoporous
magnesium oxide were used as absorbents [9-12]. Moreover,
Ca-abundant animal and plant waste were also used in the
adsorption of TPP. For instance, fine grinding of crab shells
could remove up to 108.9 mg P/g [13]. Recently, layered dou-
ble hydroxide (LDH) showed an outstanding capacity for
TPP removal (107.8 mg P/g) [14,15]. The removal of triphos-
phate over LDH mainly underwent the surface adsorption
and the near-edge intercalation, which was contributed by
the Mg—Al(or Fe)-O structure [14-17].

LDH is a layered material, which is composed of metal
ions—formed hydroxide layers with exchangeable anions
in the interlayer. The heat treatment of crystalline LDH at
higher temperatures (400°C-600°C) leads to the collapse of
LDH structure, which changes to amorphous layered double
oxide (LDO) [18-20]. The LDH structure could be restored
from LDO in the water [21-23]. In this progress, the anion
in the water was intercalated into the interlayers, which is
called “reformation effect” [24]. This effect can significantly
increase its adsorption towards anions. Besides, LDO pro-
duced by calcination had large surface area and high metal
dispersion. Based on this advantage, LDO is applicable to the
removal of TPP due to the surface adsorption sites on LDO.

The objectives of this research were particularly to under-
stand TPP removal behavior and the removal mechanism for
Fe-LDO and Al-LDO through analyzing the structure of solid
materials and composition of aqueous solution.

2. Materials and methods
2.1. Chemicals

Chemicals used in the experiment include sodium
tripolyphosphate (STPP, Na,P,O, ), magnesium chloride -
6H,0 (MgCl, 6H,0), calcium chloride (CaCl,), ferric chloride
(FeCl,), aluminum chloride (AICL,) and sodium hydroxide
(NaOH). All reagents were purchased from Sigma-Aldrich
Co., USA. Oxygen-free and decarbonated water was used
for all synthesis and treatment processes under ambient
conditions.

2.2. Preparation and characterization of Fe-LDO and Al-LDO

Mg, Ca Felayered double hydroxide (Al-LDH, x=0.0-2.0)
was synthesized by co-precipitation method [14,15]. For
example, the preparation of Ca-Fe-LDH is as follows. In brief,
50 mmol of CaCl, and 20 mmol of FeCl, were dissolved in
50 mL of water. This mixed salt solution was slowly added
into 100 mL of an alkaline solution that contained 120 mmol
of NaOH under vigorous magnetic stirring for 30 min. The
suspension was aged at 25°C for 18 h under stirring. The pre-
cipitate was then separated by centrifugations and washed
twice. The LDH was obtained after dried at 60°C.

The synthesis of Mg, Ca FeClI-LDH (x = 0.5-1.5) also
adopted the same method except replacing CaCl, by MgCL,
and different Mg/Ca molar ratios (1:3, 1:1 and 3:1) were
applied. The [Ca + Mg]/Fe molar ratio was controlled as 2:1 at
the same time. Similarly, the preparation method of Al-LDH
was similar to Fe-LDH except for the Me(Ill) was replaced
by AICL,.

All the LDH samples were calcined at 450°C for 4 h in
muffle furnace to obtain the LDO.

2.3. The removal of TPP on LDO

The TPP removal was carried out in Na,P,O, solutions
(pH = 8) in an incubator (25°C and 200 rpm shaking). The
dose of LDO was 0.02 g per 100 mL of polyphosphate solu-
tion in thermodynamics experiment. TPP in the initial con-
centration ranged from 0 to 45 mg/L (total phosphorus, TP).
Response time was 24 h. Particularly, when the initial (TP)
was 0, the thermodynamics behavior of the LDO hydrolysis
was recorded. The amount of TPP removal was calculated by

using the following formula:
[TPP] (mg/g) = ([TP],- [TP])/S 1)

where [TPP] is the amount of TPP removal (mg/g); [TP] and
[TP], are the initial and equilibrium concentrations of TPP
(mg/L), respectively; S is the solid dosing (g/L; Table S1).

2.4. Analytical methods

The portable pH meter-installed glass electrode (Aqua
Cond/pH, TPS) was used to measure pH. [TP] were deter-
mined using an ultraviolet—visible spectrophotometer (UV-
2450, Shimadzu, Japan) measuring the absorbance at 700 nm
[7]. Prior to the test, the sample was digested at 140°C (oil
bath) in the presence of 5% (w/w) K.S,O solution, which pro-
moted TPP converted into soluble PO,* entirely [15]. Hence,
[TP] could represent the actual TPP concentration.

The content of metal (Mg, Ca, Fe, Al) was determined
with inductively coupled plasma atomic emission spectrom-
eter (ICP-AES, Prodigy, Leeman Co., USA).

The X-ray diffraction analysis (XRD) for the solid sample
was conducted on Miniflex (Rigaku), with Co Ka radia-
tion (A = 0.1789 nm) at 40 kV, scanning speed controlled
2° min™ (260).

Thermal gravity (TG) profile of each sample with the cor-
responding mass spectroscopy (MS) profile of the evolved
gaseous water (m/z = 18) was collected on NETZSCH,
Germany, Simultaneous TG-DTA-MS instrument (Apparatus
STA 449C-Jupiter-QMS 403C Aeolos) in air atmosphere at a
ramping rate of 5°C/min from 35°C to 500°C.

3. Results and discussion
3.1. LDO formation in thermal treatment

As the LDO is prepared from LDH, suggested that the
structure of LDO is relative to its precursor LDH during cal-
cination. Fig. 1 illustrates the weight loss of LDH during the
heating. In TG profiles of Fe-LDH, there were two mass loss
steps during temperature increasing to 500°C. The first mass
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Fig. 1. TGA curves of Mg, Ca Fe-LDH (A) and Mg, Ca Al-LDH
(B) (x=0.0-2.0).

loss of 12%-15% happened before 200°C-250°C due to the
loss of the water in the LDH interlayer. The second mass loss
of 10%—18% was observed after 250°C, which can be assigned
to the OH loss in the brucite-like layer of LDH [25]. Both steps
were endothermic and were recorded in DTA curves. The
DTA curve of Mg,FeCI-LDH shows two endothermic peaks
at 101°C for dehydration and 336°C for dehydroxylation. It is
noted that the corresponding endothermic peak in the DTA
curve of Ca,FeCl-LDH was recorded at 150°C and 257°C,

respectively. Ca in LDH layers can increase the affinity of H,O
to the LDH interlayer and therefore weakened the binding of
OH-(M(II)Fe) [26]. Accordingly, Ca in LDH was responsible
for the higher dehydration temperature and the lower dehy-
droxylation temperature than Mg FeCI-LDH. Therefore, dif-
ferent temperature of water loss in thermal gravity analysis
(TGA) curves of Ca,FeCl-LDH and Mg, FeCl-LDH reflects the
difference in the feature structure of the LDHs.

When a portion of Mg was replaced by Ca in Fe-LDH,
the structure of LDH was changed. In Fig. 1(A), the DTA
curve of LDH (Mg, Ca Fe-LDH) at x =0.5 and x = 1.5 is sim-
ilar to that of Mg,FeCI-LDH and Ca,FeCl-LDH, respectively.
This reflected that the Mg-Fe-LDH structure was predomi-
nant in Mg, .Ca ,Fe-LDH while Ca-Fe-CI-LDH structure in
Mg, Ca, Fe-LDH. It is noted that there were four endother-
mic peaks in the DTA curve of LDH at x = 1.0. Apparently, the
endothermic peaks at 103°C and 340°C indicated the Mg-Fe-
LDH structure while those at 146°C and 263°C reflected the
Ca-Fe-LDH. This suggested that both Mg FeCl-LDH and
Ca,FeCl-LDH were coexisted at x = 1.0, but not a uniformed
Mg-Ca-Fe-LDH structure.

In comparison, the similar thermal analysis profiles were
observed in most Mg, Ca Al-LDH samples. In Fig. 1(B), TG
curves of all Al-LDHs illustrate the two main mass loss pro-
cesses, which can be assigned to dehydration step at low
temperature and dehydroxylation step at high tempera-
ture. Moreover, DTA curves of Mg, Ca Al-LDH samples
at x = 0.0-1.0 show the endothermic peak of H,O evapora-
tion at 115°C-141°C and the other one of OH evaporation
at 367°C—403°C. In the samples at x > 1.0, the dehydration
peak in DTA curve was around 135°C-144°C, whereas the
dehydroxylation peak was at 309°C-311°C. This observa-
tion revealed that Mg-Al-LDH structure was predominant at
x < 1.0 and Ca-Al-LDH structure was the main composition
at x> 1.0. Interestingly, at x = 1.0, the structure of Mg, Ca, Al-
LDH was close to that samples at x < 1.0, which showed that
a uniformed Mg-Ca-Al-LDH structure was formed when Ca
was doped into the framework.

Accordingly, it is supposed that after calcination, the
separated Ca-Fe-LDH and Mg-Fe-LDH structure in ternary
Fe-LDH resulted in the mixture of Ca-Fe and Mg-Fe oxides
formation. In contrast, Mg-Ca-Fe oxide would be formed
after the calcination of ternary Al-LDH.

Table 1 lists the mass loss after calcination at 450°C in a
batch test. Compared with that in TGA characterization, the
weight loss of all LDHs was consistent with the thermal anal-
ysis result. Accordingly, the calcination temperature was set
at 450°C for the LDO sample preparation as a complete water
loss can be achieved.

3.2. Removal of TPP by LDO

Fig. 2 shows the removal profiles of TPP on Fe-LDO and
AI-LDO (calcined at 450°C). Among all samples of Fe-LDO
(Fig. 2(A)), the TPP removal amount increased sharply when
the equilibrium concentration of TPP was less than 3 mg/L.
The TPP removal amount reached constant with the equi-
librium concentration of TPP increasing. It is observed that
the final TPP removal amount was relative to the value of x
in Mg, Ca Fe-LDO. At x = 0.0, the TPP removal amount was
11.8 mg/g (as total P). The increase in the value of x to 1.5
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Table 1
The comparison between the mass loss and data of thermal
analysis after calcination

Samples Mass loss (%)
Calcination Thermal analysis
Mg,Al-LDO 32 32
Mg, .Ca Al-LDO 34 34
Mg, Ca, AI-LDO 33 34
Mg, Ca, ,AI-LDO 29 29
Ca,Al-LDO 26 27
Mg, Fe-LDO 36 33
Mg, Ca  Fe-LDO 31 30
Mg, Ca, Fe-LDO 30 27
Mg, .Ca, Fe-LDO 27 26
Ca,Fe-LDO 24 23
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Fig. 2. TPP thermodynamic behavior on Mg, Ca Fe-LDO (A)and
Mg, Ca Al-LDO (B) (x = 0.0-2.0).

slightly improved the TPP removal amount as it ranged from
15.6 to 42.2 mg/g. At x = 2.0, the TPP removal amount was
121 mg/g, three times higher than that at x = 1.5. It implied
that Ca in the Fe-LDO was predominantly responsible for the
TPP removal. Moreover, Fig. 2(B) illustrates the similar TPP
removal on Al-LDO. The TPP removal isotherm showed a

low TPP removal amount at 15.1-31.2 mg/g with the increas-
ing of x from 0.0 to 1.0 while that at x =2.0 were 185 mg/g. It is
interesting that the TPP amount of Mg, ,Ca, ,Al-LDO (x = 1.5)
was 117 mg/g, over three times higher than that on AI-LDO at
a relatively low x value. This indicated that the TPP removal
was contributed to the TPP adsorption induced by the LDH
structure rather than Ca content.

Tables 2 and 3 list the concentration of metal ions in
the solution after the TPP removal by Mg, Ca Fe-LDO and
Mg, Ca Al-LDO, respectively. In both cases of Fe-LDO and
Al-LDO, Mg concentration in the residual solution decreased
from 0.6 to 0 mmol/L with the decreasing in the value of x,
while that of Ca increased to 0.47 mmol/L correspondingly.
It is interesting that no Fe was detected in the solution after
the TPP removal on Mg, Ca Fe-LDO, while Al was released
after the TPP removal on Mg, Ca Al-LDO. With the value
of x increased, the Al concentration was ranged from 0.1 to
0.7 mmol/L. The leached Al indicated that a portion of AI-LDO
was dissolved, which was contributed to the Al(OH),” derived
from LDO at the final pH over 10.0 (Table S2). Table 3 lists the
molar ratio of metals in AI-LDO. The Ca/Mg ratio was ranged
from 0.12 to 1.57, lower than the designed ratio (Table 3). The
similar proportion was also observed in Fe-LDO (Table 2).
The low Ca content in LDO was relative to the corresponding
LDH precursor. Moreover, the Me(II)/Me(III) in both LDOs
was close to 2.0, which was also observed in pure LDH. It
seemed that LDH recovery would be achieved when LDO
was in TPP solution. In the case of Fe-LDO, the Fe content
in residue increased, which resulted in a low molar ratio of
bivalent metal to total metal (R). The similar situation was
observed in the case of AI-LDO. However, R in AlI-LDO res-
idue was close to the range of that in LDH (0.25-0.4) while
was lower in Fe-LDO residue. Due to the reformation effect
of LDH, it is proposed that Al-LDH was reconstructed in the
case of AI-LDO after TPP removal. This is probably responsi-
ble for the high TPP removal in Mg, . Ca, ,Al-LDO.

3.3. Physicochemical features of LDO samples before and after
TPP removal

Fig. 3 shows the XRD pattern of the product of
Mg, Ca Fe-LDH after calcination (x = 0.0-2.0, at 450°C), the
diffraction peak of sharp spinel phase MgO and MgFe O,
(206 =35.1°, 41.4°, 50.4°, 63.0°, 67.3° and 74.1) mainly existed
in C-Mg,Fe-LDH. No spinel structure-like product was
observed in C-Ca,Fe-LDO. This seems that the dehydration
of LDH did not lead to the formation of the complex oxides
of CaFe(O) (CaxFeyO(zﬂsy)/z), which was a possible product
from high-temperature calcination of CaAlCI-LDH [27].
In addition, CaCO, was indexed in products as a small dif-
fraction peak at 34.5°(20) was recorded. In C-MgCaFe-LDH,
the XRD diffraction patterns of MgO and MgFe O, gradu-
ally decreased with the increase of Ca content. Meanwhile,
the emerge of the diffraction peak of Ca Fe O, ., ., further
proved the formation complex oxides of Ca with Fe.

Fig. 4 shows that the main product of Mg, Al-LDO after
calcination was MgAl(O) complex oxides [28]. In Ca,Al-LDO,
it showed that there was poor crystallinity of CaAlO com-
plex oxides (Ca,,Al,,O,,) and a certain amount of CaO due to
the existence of broad peak on (26 = 30°-50°) [27, 29]. Due to
the lower heating temperature, it was more difficult to form
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a high degree of crystallization of CaAlO composite oxides
[29]. For the calcination product of MgCaAl-LDO, with the
increase of Ca content in MgCaAl-LDH, MgAIl(O) complex
oxides gradually transformed to CaAl (O) composite oxides.

Fig. 5 shows that the XRD of Fe-LDO products after TPP
removal. In most cases, there were the diffraction peaks of
spinel phase MgO and MgFe,O,. This indicated that the
recovery of LDH did not happen in the structure of Mg-Fe-O
system as the spinel structure of Mg-Fe-O was more stable
than the composite oxides of Mg-Al-O [30]. Meanwhile, the
diffraction peak of spinel phase was weak with the decreas-
ing of the Ca content. When Ca was predominant in the LDO
(x = 1.5 and 2.0), CaCO, (20 = 34.4°) was observed. This is
probably contributed to Fe-O amorphous structure that
was left by the dissolution of Ca from the CaFe(O) struc-
ture during TPP removal [15]. As the high content of Ca in
the original LDH mixture, the dissolution of Ca led to low
amount of bivalent metal in LDO, which resulted in the fail-
ure of LDH reformation. This was probably the reason why
the TPP removal amount on Mg  Ca, Fe-LDO (40 mg P/g)
was lower than that on Mg, .Ca, ,Fe-LDH (84.2 mg P/g) [15].
On the other hand, the Ca releasing was responsible for the
TPP removal, which was similar to the situation in the phos-
phate removal on Ca-LDH [31]. Accordingly, it is proposed
that the TPP removal on Fe-LDO was mainly attributed to the
surface adsorption of the MgFe-LDH and precipitation of Ca.

In comparison, the high TPP removal is probably rela-
tive to the reformation effect in AI-LDO product. In Fig. 6,
the XRD pattern of P-Mg Al-LDO samples shows that the
diffraction peaks at 13.3°, 27.1°, 40.7°, 46.1°, 54.8°, 72.3° and
73.5° (20), indexed as the typical reflection planes of hydro-
talcite-like structure. The LDH structure in the solid samples
after TPP removal indicates the reformation effect occurred
in MgAI(O) system. However, the basal space (0.77 nm)
observed in the resultant was in accordance with CI” inter-
calated LDH [16]. As the removal capacity (28 mg P/g) was

Table 2

lower than that of Mg, Al-LDH (40 mg P/g), it is suggested
that TPP was adsorbed onto the surface (or edges) instead of
intercalated into the hydroxide layers [14]. In addition, the
broad peak revealed the formation of amorphous Ca-TPP pre-
cipitate, which indicated that removal of TPP by Ca,Al-LDO
mainly relied on precipitation of Ca with TPP.

Due to the reformation effect, the XRD pattern of
P-Mg, . Ca ,Al-LDO and P-Mg, Ca AI-LDO also showed
the hydrotalcite-like structure. It is noted that the LDH struc-
ture of P-Mg .Ca, ,Al-LDO was weaker than that of the other
two LDOs after TPP removal, which indicated that amor-
phous structure was dominated in the product. Besides, the
TPP removal amount on Mg, .Ca, ,Al-LDO (120 mg P/g) was
higher than that on other ternary Al-LDOs, even higher than
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Fig. 3. XRD patterns for the synthesized Mg, Ca Fe-LDO
(x=0.0-2.0).

Practical molar ratio of Mg/Ca/Fe in Fe-LDO, and metal ion concentration in solution after TPP removal

Sample Practical molar ratio of Mg/Ca/Fe in Fe-LDO  Cations in solution after TPP removal (mmol/L)
Ca/Mg M(I)/Fe Mg Ca Fe

Mg Fe-LDO / 1.92 0.60 0.00 0.01

Mg, .Ca, .Fe-LDO 0.12 1.73 0.45 0.11 0.00

Mg, Ca, Fe-LDO 0.65 1.81 0.14 0.39 0.00

Mg, .Ca, Fe-LDO 1.54 1.86 0.07 0.47 0.00

Ca,Fe-LDO / 1.91 0.00 0.47 0.00

Table 3

Practical molar ratio of Mg/Ca/Al in Al-LDO, and metal ion concentration in solution after TPP removal

Sample Practical molar ratio of Mg/Ca/Al in AI-LLDO  Cations in solution after TPP removal (mmol/L)
Ca/Mg M(II)/Al Mg Ca Al
Mg, Al-LDO / 1.81 0.47 0.00 0.10
Mg, .Ca  Al-LDO 0.12 1.69 0.42 0.12 0.12
Mg, Ca, AI-LDO 0.66 1.82 0.18 0.47 0.22
Mg,.Ca, ,AILLDO 157 1.87 0.05 0.47 0.56
Ca,Al-LDO / 2.01 0.00 0.37 0.71
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Fig. 5. The XRD of Mg, Ca Fe-LDO (x = 0.0-2.0) product after
removing TPP.

that on Mg, .Ca, ,Al-LDH (80 mg P/g) [14]. Considering the
well-dispersion of Ca in the original Mg-Al-LDH structure,
the high TPP removal amount is probably relative to the
amorphous Mg-Al-LDH framework after Ca release. In addi-
tion, the formation of CaCO, (20 = 34.2°) in the products was
recorded. This was attributed to the combination of dissocia-
tive Ca* and dissociative CO,* in solution.

3.4. Removal mechanism

For Fe-LDO and Al-LDO, the TPP removal mechanism is
the synergistic effect of structural adsorption and Ca-induced
precipitation. In Fe-LDO, the final solution pH is between 9.9
and 10.8 (Table S2) due to the partial dissolution of metal
oxides (Table 2). For instance, in Mg Fe-LDO, 0.60 mmol/L
Mg revealed the dissolution of 26% Mg in solution (Table 2).
Nevertheless, no Fe was detected in solution, in accordance
with the higher stability K of iron(IIl) oxide. Only 11.8 mg/g
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Fig. 6. The XRD of Mg, Ca AI-LDO (x = 0.0-2.0) product after
removing TPP.

LDO TPP has been removed, and Mg and Fe still existed in
the form of oxides in Mg,Fe-LDO. It could be inferred that
the Mg,Fe-LDO removal of TPP rely on the surface adsorp-
tion. On the contrary, in Ca case, as the difference in the XRD
pattern of solid samples before and after the TPP removal
(Figs. 3 and 5), the dissolution of Ca from Ca,Fe-LDO led
to TPP removal in the form of Ca-TPP (Ca,(P,O, ), 7H,0O).
The Ca concentration was 0.47 mmol/L in the solution after
TPP removal (Table 2), suggesting that there was 29% of Ca
leaching out from the original Ca,Fe-LDO. As TPP removal
amount was 121 mg/g LDO, the consumption of Ca is 40% of
total Ca. This indicates that 44% of residual Ca in P-Ca,Fe-
LDO was not used for removing the TPP. Comparing with
that in P-Ca,Fe-LDH [15], Ca in P-Ca,Fe-LDO may be
retained within the framework of Fe-O.

In the system of Mg, Ca Fe-LDO, with the increasing of x
value, TPP removal amount increased and the Mg dissolved
amount decreased. As shown in Table 2, with the x value
from 0.5 to 1.5, the proportion of dissolved Mg in total Mg
decreased from 26% to 10%. This indicates that MgO grad-
ually decreased in Mg-Fe-O mixed oxides, which led to the
decreasing in the dissolved Mg. The residual Mg was prob-
ably in the structure of MgFe,O,. As Mg content was higher
than Ca content in both Mg, .Ca ,Fe-LDO and Mg, Ca, Fe-
LDOQ, the main phase was existed as Mg-Fe-O. Similar to that
in Mg,Fe-LDO, TPP removal was mainly responsible for the
surface adsorption bothin Mg, .Ca  Fe-LDOand Mg, Ca, JFe-
LDO. Different from the dissolution of Mg, the proportion
of dissolved Ca drawn near 50% both in Mg, .Ca  Fe-LDO
and Mg, Ca, Fe-LDO, 30% in Mg, .Ca, .Fe-LDO, respectively.
With the increasing of x value, Ca concentration in the solu-
tion decreased. It was reported that the bond strength of OH
to metal oxide increased with increasing x in Mg, Ca Fe-
LDH [32]. As the surface adsorption on LDH involved the
exchange with OH groups, the weaker affinity of OH bond
in MgCaFe-LDH after Ca dissolution at x > 1 was responsible
for the bigger adsorption capacities on MgCaFe-O structure,
compared with the case at x < 1. Accordingly, this indicates
that the removal of TPP on Mg .Ca, Fe-LDO was contrib-
uted to the precipitation of Ca,(P,0,,),nH,O apart from the
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surface adsorption of Mg-Fe-O. Moreover, it revealed that
there were 15% Ca transferred into the residue during the
removal, which demonstrated that the TPP removal amount
was approximately 30 mg/g LDO. Considering the structure
of Mg-Fe-O adsorbing capacity of TPP (10-20 mg/g LDO), the
total removal amount could reach 40-50 mg/g LDO, which
was closer to the actual value. Therefore, a moderate amount
of dissolved Ca could induce a synergistic effect for the
removal of TPP using Mg, Ca, ,Fe-LDO.

Besides, AI-LDO product has a reformation effect during
the removal. It was suggested that the Al-rich ternary LDHs
could be used as absorbents to remove TPP. As shown in
Table S2, the final pH was 10.1 after TPP removal on Mg Al-
LDO, close to that in the case of Ca,Al-LDO (10.8). Mg and
Ca concentration after TPP removal was closer to that in
Fe-LDO. Based on the TPP removing under similar condi-
tions to that in Fe-LDH, it was proposed that TPP removal
mainly relied on the surface adsorption and edge interca-
lation effect of the recovery LDH structure in Mg,Al-LDO,
while the Ca precipitation in Ca,Al-LDO. In addition, based
on the high TPP removal amount, the residual rate of Ca is
71% and 81% both in Ca,Fe-LDO and Ca,Al-LDO, respec-
tively. The similar result was also found in the removal of
phosphate on Ca-Al-LDH [33]. It could be inferred that there
was more the dissolution of Ca in Ca,Al-LDO and formed the
precipitation of Ca,(P,0,),nH,O.

Similar to the situation in the case of Mg, Ca Fe-LDO,
the final pH value increased to about 9.9 to 10.7 (Table S2)
with the metal dissolved in AI-LDO. Meanwhile, with the
increasing of x value, the proportion of dissolved Mg gradu-
ally decreased. It means that the percentage of Mg increased
from 79% to 94% in Mg, ,Ca ,Al-LDO and Mg, ,Ca AI-LDO
(Table 3), which was higher than in Mg, Ca Fe-LDO. As
the results of XRD (Fig. 6), the dissolution of Mg decreased
due to the formation of Mg-Al-LDH. Correspondingly,
the dissolution of Ca gradually increased with the x value
increased. According to the concentration of Ca in the solu-
tion (Table 3), the retention rate of Ca was about 50% in both
P-Mg, Ca ,Al-LDO and P-Mg, Ca, AI-LDO, similar to that
in P-Mg, ,Ca  Fe-LDO and P-Mg, Ca, Fe-LDO. Accordingly,
the low Ca content in LDO indicated that the TPP removal
was mainly contributed to the adsorption of Mg-Al-LDH,
which was the main phase after the reformation of LDH
from LDO. In comparison, the retention rate of Ca is 63% in
P-Mg, .Ca Al-LDO. As 117 mg/g LDO of TPP removal, the
high retention rate of Ca indicated that the TPP removal was
probably attributed to Ca in the Mg-Al-LDH framework,
which resulted in the formation of Ca (P,O, ), nH,O precip-
itation. Therefore, the reformation effect of AI-LDO product
significantly increased the adsorption quantity of TPP.

4. Conclusion

In this research, we investigated the removal of TPP
using LDO (Mg, Ca Fe-LDO and Mg, Ca AI-LDO, x =
0.0-2.0) derived from LDH by calcination. The TPP removal
behavior in AI-LDO was similar to that in Fe-LDO. It was
revealed that TPP was removed predominantly either via the
surface adsorption or Ca-TPP precipitation. Nevertheless,
the sorption amount in AI-LDO of TPP was higher com-
pared with Fe-LDO. This was mainly because AlI-LDO could

be reverted to LDH structure and adsorbed TPP. Specially,
the elemental analysis (ICP-AES) of the aqueous solution
and the solid materials suggested that the synergy of the
sorption and precipitation occurred on Mg, .Ca, Fe-LDO,
but not on Mg ,Ca, _Al-LDO. Therefore, our results provide
a feasible approach for the anionic contaminants removal
by LDO.
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Supplementary material

Table S2
Table S1 The final pH in solution after TPP removal with different samples
List of symbols
Samples Final pH
Symbols Annotation of symbols Unit
[TPP] The amount of TPP removal mg/g Mg,Fe-LDO 108
[TP], The initial concentrations of TPP mg/L Mg, ;Ca,;Fe-LDO 10.7
[TP], The equilibrium concentrations of TPP mg/L Mg, (Ca, ,Fe-LDO 10:5
S The solid dosing g/L Mg, Ca, ;Fe-LDO 107
Ca,Fe-LDO 10.9
Mg,Al-LDO 10.1
Mg, .Ca  Al-LDO 9.9
Mg, Ca, ,AI-LDO 10.2
Mg, .Ca, ;AI-LDO 10.7

Ca,Al-LDO 10.8




