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ABSTRACT: Due to their high anion exchange and memory effect, the layered double hydroxides (LHDs) have wide applications
for some areas. In this work, an efficient and green recycling route for layered double hydroxide based adsorbents is proposed
specifically for application as a poly(vinyl chloride) (PVC) heat stabilizer without requiring secondary calcination. Conventional
magnesium−aluminum hydrotalcite was synthesized using the hydrothermal method followed by removal of carbonate anion
(CO3

2−) between LDH layers by calcination. The adsorption of perchlorate anion (ClO4
−) by the memory effect of calcined LDHs

with and without ultrasound assistance was compared. Using ultrasound assistance, the maximum adsorption capacity of the
adsorbents (291.89 mg/g) was increased, and the adsorption process was fitted using the kinetic Elovich rate equation (R2 = 0.992)
and Langmuir adsorption model (R2 = 0.996). This material was characterized using XRD, FT-IR, EDS, and TGA which
demonstrated that ClO4

− was intercalated into the hydrotalcite layer successfully. The recycled adsorbents were used to augment a
commercial calcium−zinc-based PVC stabilizer package applied in a epoxidized soybean oil plasticized cast sheet which is based on
an emulsion type PVC homopolymer resin. Use of perchlorate intercalated LDH augmentation yielded significant improvement to
static heat resistance as indicated by the degree of discoloration with a life extension of approximately 60 min. The improved stability
was corroborated by evaluation of HCl gas evolved during thermal degradation using conductivity change curves and the Congo red
test.

1. INTRODUCTION
In recent years, perchlorate (ClO4

−) as an emerging trace
contaminant has been detected in water and soil resources, as
well as foods, and can influence the thyroid’s uptake of iodide,
resulting in the dysfunction of certain metabolic processes.1−4

The use of perchlorate is mostly related to military and
aerospace activities, such as oxidizers in solid fuel rocket
propellants, explosives, and pyrotechnics.5−7 Perchlorate is
widely regarded as a persistent pollutant in groundwater and
surface water due to its high solubility, nonreactivity, and
nonvolatility.8 Various approaches including physical, chem-
ical, and biological treatments and combination technologies
have been developed for the removal of perchlorate.9−12

Considering cost effectiveness and treatment efficiency, the

adsorption process is very attractive for water treatment.13−15

Hydrotalcites also known as layered double hydroxides
(LDHs, [M1−x

2+Mx
3+(OH)2][Ax/n

n−·mH2O]), are high-per-
formance adsorbents used to remove anions16,17 and also
have application prospects as antibacterial agents,18 flame
retardants,19 anticorrosion agents,20 drug delivery vehicles,21

stabilizers,22 solar cell components,23 pollutant removal
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materials,24 catalysts,25 and sensors.26 They are a class of
inorganic material with a layered structure that contain positive
charges balanced by the intercalation of anions in the hydrated
interlayer regions which have specific surface area and high
interlayer anion mobility.27,28 Three mechanisms work in the
uptake of anions by LDHs from water:29 (a) surface physical
adsorption; (b) anion exchange; (c) reconstruction by anion
intercalation after calcining. Generally, high-valent anions are
easily exchanged into the interlayer while low-valent anions are
easily exchanged out, which means physical effects will
dominate the adsorption of ClO4

− by LDHs.30 However, it
is difficult to achieve efficient contaminant conversion only by
physical adsorption in LDHs; therefore further treatment is
required.31

Memory effect is the restoration of the original LDH
structure by rehydration, applying decarbonation and sub-
sequent reconstruction utilizing target anionic groups.32−34 By
this effect, both harmful organic and inorganic anions from
wastewater can be intercalated into the interlayer and removed
successfully.35,36 Yang et al.37 synthesized a novel material of
calcined iron-based LDH for ClO4

− adsorption from water
using a co-precipitation method. In this study, ClO4

− at 2000
μg/L concentration was almost all adsorbed within 720 min by
1.33 g/L MgFe-3CLDH (calcination temperature = 550 °C
and [Mg]/[Fe] = 3) at 25 °C and initial solution pH of 4−10.
Lin et al.38 reported that the high ClO4

− adsorption capacity
(279.6 mg/g) of the calcined LDH was mainly driven by the
structural memory effect. In addition, they proposed that the
negative charge of ClO4

− was transferred to positively charged
hydroxide layers via electrostatic interactions, and then strong
hydrogen bonds were formed between the oxygen atoms of
ClO4

− polarized by the surrounding hydroxyls in the hydroxide
layers. In Liu’s study, the calcined Mg/Fe hydrotalcite (CHT)
and hydrotalcite-based Pd/Co catalyst (Pd/Co-CHT) were
prepared and utilized to adsorb and reduce the ClO4

− in water.
Results indicated that the removal efficiency of two processes
involving the adsorption and reduction for the hydrogen
reduction of ClO4

− by Pd/Co-CHT was 3 times higher than
that of a single adsorption process.39

In order to enhance the adsorption efficiency of calcined
hydrotalcite, it had been reported that ultrasonic energy can be
applied to improve adsorption of small molecules.40−42 This
positive effect is attributed to ultrasonic cavitation. When
ultrasonic cavitation occurs a bubble of vacuum is formed
which rapidly collapses exerting extremely high pressure and
releasing a large amount of energy. This energy may reduce the
diffusion resistance and facilitate the entry of anions into the
interlayer space and ultimately enhance the uptake
capacity.43−45 It was found in Iglesias’s experiment that the
utilization of ultrasound resulted in a 2-fold increase in the
adsorption capacity of the sample, which suggested that both
the diffusion and transfer of anions were boosted by
ultrasound, resulting a more efficient technique for water
remediation.46 Zhang et al.47 reported that the adsorption
equilibrium time of MgAlCO3 LDH and Congo red was
shortened from 5 to 2 h under ultrasound-assisted adsorption,
and the removal efficiency of the dye was also much higher
than that of other processes. In another study, Szabados et al.48

successfully intercalated halide ions (except fluoride) and oxo
anions into CaFe-LDH by sonication, which is difficult to
achieve with other methods. Although advantages for the
efficiency and capability of LDHs when combined with

sonication has been demonstrated in this work relatively little
advancement has been achieved in this field.49

In addition, the research on the recycling and reuse of
adsorbents has great significance in regards to the sustainability
of resources.50−53 However, most techniques adopt the
decomposition−reconstruction cycle route requiring calcined
LDH, which undoubtedly increased the carbon emis-
sion.33,54,55 Meanwhile, the adsorption rate of LDHs after
secondary calcination is greatly decreased, leading to low
utilization.56−58 In fact, LDHs as highly efficient and
environmentally friendly PVC thermal stabilizers have been
used widely.59−62 The alkalinity of LDHs can directly
neutralize HCl reducing the autocatalytic effect; however the
Cl− ion can also exchange into the interlayer though
interaction with the interlayer guest and form Cl− intercalated
LDHs further inhibiting the chain degradation reaction.63−66

The service life of petroleum-based PVC can be extended with
LDHs, which reduce the use of petroleum components and
enhance sustainability. Thus far, no investigation exploring
application of recovered LDHs as a PVC thermal stabilizer has
been conducted, especially for ClO4

− intercalated hydro-
talcites.30,31,67,68

Here we evaluate the capability of calcined LDHs to
adsorbed ClO4

− in wastewater utilizing sonication with
subsequent evaluation of recovered ClO4

−-LDH for efficacy
as a PVC stabilizer. The most prevalent Mg−Al-LDH was
synthesized and calcined to endow it with the ability to
intercalate anions. The adsorption efficiency of ultrasound-
assisted vs standard vibration alone was compared. The
chemical and physical properties of LDH, LDO, and
reconstructed ClO4

−-LDH were characterized. Finally, the
recycled adsorbents as auxiliary thermal stabilizer were added
into PVC together with the Ca−Zn base stabilizer to research
the thermal stability.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Magnesium chloride hexahydrate (MgCl2·

6H2O) and aluminum chloride hexahydrate (AlCl3·6H2O)
were supplied by Damao Chemical Reagent Factory (China).
Sodium hydroxide (NaOH) and sodium carbonate (Na2CO3)
were provided by Beijing Tong Guang Fine Chemical Co., Ltd.
(China). Sodium perchlorate (NaClO4) was obtained from
Sigma-Aldrich (Shanghai) Trading Co. Ltd. PVC was prepared
by Vinnolit GmbH & Co. KG, Germany. Epoxidized soybean
oil (ESO) was purchased from Nanjing Rongji Chemical Co.,
Ltd. Zinc stearate ((Zn(St)2) and calcium stearate (Ca(St)2)
were supplied by Transfar Chemistry. All of the reagents were
of analytical purity and were used directly.

2.2. Synthesis of Mg−Al-LDH and Mg−Al-LDO. Mg−
Al-LDH was synthesized by a conventional co-precipitation
method at constant pH. The MgCl2·6H2O and AlCl3·6H2O at
2 M ratio were dissolved in 100 mL of deionized water, and the
total ion concentration was 1 mol/L. The mixed solution was
added to a three-necked flask and stirred vigorously. The
precipitant solution was composed of 1 mol/L NaOH and 0.1
mol/L Na2CO3 blended in 100 mL of deionized water. The
precipitant solution was added drop-by-drop in the three-
necked flask at 60 °C with a constant pressure funnel and
stirred vigorously. The pH of the whole precipitation process
was maintained at about 10 by adding appropriate volumes of
NaOH. The formed precipitate was kept at 80 °C for 24 h and
then washed 3 times with deionized water under reduced
pressure filtration. The collected precipitates were vacuum-
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dried at 60 °C for 6 h, and then ground to obtain layered
double hydroxide, Mg−Al-LDH (CO3

2−-LDH). CO3
2−-LDH

was calcined in a muffle furnace at 500 °C for 4 h to obtain
Mg−Al-LDO (LDO).

2.3. Ultrasound-Assisted Adsorption of ClO4
−. Con-

taminated water sources were simulated with a NaClO4
aqueous solution. 2 g/L of the LDO (LDH) was added to
100 mL of NaClO4 aqueous solution with an initial
concentration of 100 mg/L. The adsorption kinetics experi-
ments were carried out in an ultrasonic bath with a frequency
of 40 kHz and a constant temperature of 25 °C, and the
sampling times were 2 h, 4 h, 6 h, 8 h, 10 h, and 12 h. The
collected supernatant was filtered through a 0.2 μm nylon
syringe filter prior to ion chromatography (IC) analysis. After
the adsorption, the adsorbents at 12 h adsorption time were
recovered by centrifugation, washed with deionized water,
dried, and then characterized and tested as stabilizers. In
addition, the adsorption isotherms of ClO4

− adsorption by the
LDO (LDH) were investigated at initial ClO4

− concentrations
of 5, 10, 20, 50, 100, 200, 300, 400, and 500 mg/L at the same
adsorption conditions. 0.2 g of LDO (LDH) was added to 100
mL of ClO4

− solution in a conical flask, and the suspensions
were placed in the ultrasonic bath for several minutes until
equilibrium was achieved. The supernatant was obtained by
filtration. As a control, another set of adsorption experiments
was performed on a mechanical vibration table with a constant
temperature of 25 °C and a vibration frequency of 300 rpm.
The adsorption of ClO4

− by LDO (LDH) under ultrasonic
assistance was denoted as U-LDO (U-LDH), and the
adsorption process under the vibration table method was
represented as S-LDO (S-LDH). The pH of the mixture was
not controlled in order to avoid introducing other anions.
The perchlorate concentration in the supernatant was

analyzed using an ion chromatography (IC) system (ICS-
600, Thermo Fisher, USA) that was equipped with an AS-AP
autosampler, AS-16 analytical column, AG-16 guard column,
and 10 μL sample loop. ClO4

− detection was achieved using a
60 mM KOH eluent flowing at 1.0 cm3/min at 30 °C. The
detection limit of ClO4

− was 0.05 mg/L. In the adsorption
equilibrium evaluation, Langmuir and Freundlich isotherms
were assessed to fit the experimental data by model eqs 1 and
2, respectively.
Langmuir model:

=
+

q
Q C K

C K1e
0 e L

e L (1)

Freundlich model:

=q K C n
e F e (2)

where qe is the amount of adsorbed ClO4
− per mass unit LDO

at equilibrium (mg/g), Ce is the equilibrium concentration of
ClO4

− solution at adsorption equilibrium (mg/L), Q0 is the
saturated monolayer adsorption capacity (mg/g), KL is the
Langmuir-related adsorption capacity parameter (L/mg), KF is
the Freundlich model-related isotherm parameter, and n is the
adsorption intensity. In the adsorption kinetic evaluation, three
common kinetics models were used for analysis:
pseudo-first-order model:

=Q Q (1 e )t
k t1 (3)

pseudo-second-order model:

=
+

i
k
jjjjj

y
{
zzzzzQ Q

k Q t
1

1
1t

2 (4)

Elovich model:

= +Q t
1

ln( 1)t (5)

where Qt and Qθ are the adsorption loadings of ClO4
− on the

LDO (mg/g) at time t (min) and at equilibrium, k1 and k2 are
the rate constant of adsorption (min−1), α represents the initial
adsorption rate constant (mg/(g·min)), and β is a constant
related to adsorbent surface coverage and chemisorption
activation energy (g/mg).

2.4. Preparation of LDH−PVC Composites. The
contents and names of the PVC composites are shown in
Table 1. The stabilizer package was first dispersed in the

plasticizer ESO followed by addition of the PVC resin. The
dispersion power was 750 W, and stirring was maintained for
15 min; then the mixture was degassed by mixing under
vacuum for 2 h. PVC films were cast using a knife-over-roll
laboratory coater onto a commercial release paper substrate
using a knife gap distance of 1 mm. The fusion temperature
was 180 °C, and time was 1 min. The prepared PVC sheets
were cut into 3 × 3 cm2 samples for subsequent thermal
stability test.

2.5. Characterization of Adsorbents. The physical
parameters of adsorbents including specific surface area,
average pore volume, and pore diameter were surveyed by
the Brunauer−Emmett−Teller (BET) method using a specific
surface area analyzer, Kubo1200. The crystal structure of
CO3

2−-LDH, LDO, and ClO4
−-LDH was characterized with a

Rigaku D/Max 2550/PC diffractometer. The scanning range
was from 5° to 90° with a step size of 0.02° 2θ. The FTIR
spectra of the anion-exchange in the LDH interlayer was
recorded in the range of 4000−400 cm−1 with a resolution of
1.0 cm−1 by a Nicolet IS10 spectrometer. The SEM of CO3

2−-
LDH, LDO, and reconstructed CO3

2−-LDH was observed
using a HITACHI S-4800 field-emission scanning electron
microscope. TG-DTA measurements were performed on a
Netsch STA449C thermal gravimetric analyzer from room
temperature to 800 °C at a heating rate of 10 °C/min in air.

2.6. Evaluation of LDH−PVC Sheet. The thermal
stability in a series of LDH−PVC sheets was evaluated based
on discoloration and dehydrochlorination. The discoloration
evaluation was performed in accordance with ISO 305:1990-4.
Thermal aging of cast sheets was performed in forced air oven
at 180 °C. The monitoring time interval of the samples was 10

Table 1. Formulation of PVC Compositesa

stabilizer package

sample PVC ESO Ca(St)2 Zn(St)2
CO3

2−-
LDHs

ClO4
−-

LDHs

PVC 100 50
Ca/Zn-PVC 100 50 1.2 0.4
CO3

2−-LDH−Ca/
Zn-PVC

100 50 1.2 0.4 1

ClO4
−-LDH−Ca/

Zn-PVC
100 50 1.2 0.4 1

aAmount of components given in grams.
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min. Discoloration was appraised by the ΔL*, ΔA*, and ΔB*
values, which were determined using an Xrite Color-Eye
7000A type automatic color difference meter. Among them,
the ΔL*, ΔA*, and ΔB* values displayed by the color meter
stood for white (+) and black (−), red (+) and green (−), and
yellow (+) and blue (−), respectively. The CIE-L*A*B* values
could be used to formulate a value for total change as ΔE by
the following equation:

= * + * + *E L A B( ) ( ) ( )2 2 2
(6)

This value was used to describe the discoloration of LDH−
PVC composites, and a low value corresponds to a low color
difference.
The dehydrochlorination was preformed according ISO 182-

2:1990-12. 2.0 ± 0.05 g mass of PVC composites were cut into
many small pieces with sides approximately 2 mm long. The
HCl released during degradation at 180 °C was purged with
N2 at a rate of 7 L/h and trapped in 100 mL of deionized water
at room temperature. The process of the decomposition was
tracked by monitoring the change in the conductivity of water.
Either the induction time (i.e., the time required to reach the
break point of the curve) or the stability time (i.e., the time to
reach a conductivity difference of 50 μS/cm) was used to
quantify performance.

3. RESULTS AND DISCUSSION
In Table 2, the specific surface area and the corresponding
pore size distribution of the original LDH and calcined LDH,

which were investigated by using N2 adsorption−desorption
measurements, are reported. Compared with the original LDH,
the calcined hydrotalcite had larger pore volume (0.78 cm3/g)
and average pore size (18.8 nm), but the specific surface area
was reduced to 138.6 m2/g. Larger pore volume and pore size
are more favorable for the adsorption of large-diameter ClO4

−

anion groups. The lower BET specific surface area was due to
the collapse of pore structure and the increase of
agglomeration after calcination.69 The morphology of the
hydrotalcite before and after calcination is shown in the SEM

images. The common hexagon shape in CO3
2−-LDH and the

staggered appearance of the LDO are shown clearly in Figure
1. It could be seen that the LDH prepared by the hydrothermal
method had a good layered structure and dispersibility, and the
particle size was about 400 nm. After calcination, the
hydrotalcite exhibited a remarkable phenomenon with collapse
of the layered structure accompanied with severe agglomer-
ation, which supports the same conclusion as the BET specific
surface area analysis. In addition, the hydrotalcite recon-
structed by the memory effect still had layered structure from
the SEM image; however the agglomerates did not disperse
under ultrasonic assistance and the phenomenon of “clumping”
still existed. It could be seen from the EDS analysis that the
synthesized CO3

2−-LDH had a magnesium−aluminum ratio of
2.17, and the presence of Cl element in the reconstructed
hydrotalcite verified the intercalation of perchlorate.

To investigate the relevant adsorption mechanism, the
relationship between the equilibrium concentration (Ce) and
the equilibrium adsorption capacity (qe) was determined by
the adsorption isotherm upon reaching adsorption equilibrium.
Figure 2 displays the equilibrium isotherms of ClO4

− taken up
by CO3

2−-LDH and LDO. Two common isotherm models
(Langmuir and Freundlich isotherm models) were used to fit
the experimental data. For the adsorption isotherms of CO3

2−-
LDH, the results of the Freundlich equation fit were more
consistent with the experimental data, and the model
parameters are listed in Table 3. It could be seen that only a
trace of ClO4

− was adsorbed by the CO3
2−-LDH, and a large

amount of ClO4
− still existed in the aqueous phase.38 At this

time, the adsorption of ClO4
− only occurred in the hydration

layer on the surface of the plate without ion exchange with
CO3

2− through the memory effect. The two almost coincident
isotherms indicated that ultrasound assistance provided no
significant improvement in the process of adsorption of
perchlorate by CO3

2−-LDH, and the CO3
2−-LDH under both

ultrasound-assisted and mechanical agitation exhibited a low
level removal efficiency of ClO4

−. In contrast, the LDO after
the decomposition of the CO3

2− by calcination exhibited a
much stronger adsorption with ClO4

− than the corresponding
parent LDH. The adsorption isotherms of ClO4

− were well
fitted by the Langmuir model, which distinctly displayed a
nonlinear adsorption. The model parameters are listed in Table
3. The ultrasound-assisted adsorption of LDO had much larger
capacity coefficient Q0 (291.89 mg/g) and adsorption rate
coefficient KL (0.0184) than that of mechanical vibration,

Table 2. Textural Parameters of CO3
2−-LDH and LDO

sample SBET (m2/g) pore volume (cm3/g) pore diameter (nm)

CO3
2−-LDH 145.7 0.36 13.2

LDO 138.6 0.78 18.8

Figure 1. SEM images and element contents of (a) CO3
2−-LDH, (b) LDO, and (c) ClO4

−-LDH.
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suggesting that ultrasound had an obvious positive effect on
ion exchange between LDH layers.
The adsorption kinetics of ClO4

− on LDO by different
methods are shown in Figure 3. It could be seen from the
figure that all the adsorption methods demonstrated a rapid

adsorption process first, and then the adsorption rate decreased
until it reached equilibrium. The fitting results and
corresponding kinetic parameter values are shown in Table
4. Among the models, the fitting results of the Elovich kinetics
model had the highest R2 value, indicating that the adsorption

Figure 2. Adsorption isotherms of ClO4
− onto original LDH and LDO with ultrasound assisted method and mechanical vibration method: (a)

Langmuir model and (b) Freundlich model.

Table 3. Adsorption Isotherm Parameters of U-LDO, S-LDO, U-LDH, and S-LDH

Langmuir equation Freundlich equation

Q0 (mg/g) KL (L/mg) R2 KF n R2

U-LDO 291.89 ± 6.83 0.0184 ± 0.0016 0.996 25.553 ± 7.1407 0.4010 ± 0.0513 0.947
S-LDO 130.03 ± 9.11 0.0057 ± 0.0010 0.990 3.392 ± 0.8534 0.5556 ± 0.0445 0.981
U-LDH 2.67 ± 0.34 0.0029 ± 0.0007 0.986 0.032 ± 0.0020 0.6324 ± 0.0003 0.999
S-LDH 4.63 ± 1.40 0.0012 ± 0.0005 0.982 0.018 ± 0.0037 0.7410 ± 0.0358 0.994

Figure 3. Adsorption kinetics of ClO4
− onto the LDO with ultrasound assisted method and mechanical vibration method: (a) pseudo-first-order

model, (b) pseudo-second-order model, and (c) Elovich model.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00176
ACS Omega 2023, 8, 17689−17698

17693

https://pubs.acs.org/doi/10.1021/acsomega.3c00176?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00176?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00176?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00176?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00176?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00176?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00176?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00176?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


process of ClO4
− to LDO was heterogeneous. That was a

result of the combined action with multiple adsorption
mechanisms rather than only one.70,71 The β value changed
from 0.050 g/mg to 0.012 g/mg when using ultrasound
assistance, which was attributed to cavitation effects.
Figure 4a,b presents the FTIR spectra of the initial CO3

2−-
LDH and the LDO obtained after calcination, respectively.

Compared with the initial LDH, the characteristic absorption
band of C−O at 1367 cm−1 and O−H at 3412 cm−1 for LDO
disappeared, which indicated that H2O and CO3

2− ions in the
LDH interlayer were eliminated after calcination. For the
reconstructed S-ClO4

−-LDH and U-ClO4
−-LDH, a strong peak

at 1000−1250 cm−1 assigned to Cl−O vibration was shown,
which was verified by the FTIR spectra of sodium perchlorate
shown in Figure 4c. The peaks displayed evident broadening,
which was interpreted as the formation of hydrogen bonds of
ClO4

− with the surrounding water and hydroxyl groups in the
interlayers.72 Additionally, the Cl−O band exhibited a red shift
from 1096 to 1088 cm−1 and 1062 cm−1, caused by the
inhomogeneous charge transfer in LDH layers. Both S-ClO4

−-
LDH and U-ClO4

−-LDH showed a strong band at 1365 cm−1

originating from the asymmetric stretching of CO3
2− owing to

the absorption of carbonate formed by dissolving CO2 in
water. In contrast, the Cl−O characteristic absorption band of
U-ClO4

−-LDH was more obvious than that of S-ClO4
−-LDH,

suggesting that ultrasonic assistance improved the adsorption
efficiency of LDO for ClO4

−.
Figure 5 displays the XRD patterns of CO3

2−-LDH, LDO,
and ClO4

−-LDH. Sharp and symmetric peaks at (003) and

(006) basal planes were observed in the diffraction pattern of
CO3

2−-LDH, which are the characteristic reflections of layered
double hydroxides. The layer structure of LDO was destroyed
after calcination, leading to the formation of mixed
magnesium−aluminum oxide, corroborated by the XRD
pattern in which diffraction peaks of the layered hydrotalcite-
like structure were absent. Upon adsorption of ClO4

−, the
ClO4

−-LDH again exhibited the characteristic diffraction peaks
of LDH, indicating that the layer structure was reconstructed
by rehydration due to the memory effect. In addition, the basal
space of reconstructed adsorbents was 0.91 nm, larger than
that for CO3

2−-LDH (0.76 nm). This suggested the formation
of ClO4

−-LDH.
The thermal behaviors of the CO3

2−-LDH and ClO4
−-LDH

were analyzed through TG-DTA experiments (Figure 6).
Under two continuous mass loss steps, a major mass loss of

Table 4. Kinetics Parameters for ClO4
− Adsorption by U-

LDO and S-LDO

model parameter U-LDO S-LDO

pseudo-first-
order

Qθ (mg/g) 156.20 ± 17.66 34.89 ± 4.18
k1 (min−1) 0.128 ± 0.026 0.120 ± 0.025
R2 0.985 0.986

pseudo-second-
order

Qθ (mg/g) 233.39 ± 33.38 54.06 ± 9.00
k2 × 10−4

(g/(mg·min))
3.99 ± 1.58 15.10 ± 6.75

R2 0.986 0.985
Elovich α (mg/(g·min)) 24.12 ± 3.46 4.73 ± 0.73

β (g/mg) 0.012 ± 0.002 0.050 ± 0.012
R2 0.992 0.990

Figure 4. FTIR spectra of the CO3
2−-LDH (a), LDO (b), NaClO4

(c), S-ClO4
−-LDH (d), and U-ClO4

−-LDH (e).

Figure 5. XRD spectra of CO3
2−-LDH, LDO, and ClO4

−-LDH.

Figure 6. TGA (solid line) and DTA (dotted line) spectra of CO3
2−-

LDH and ClO4
−-LDH.
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44.3% was detected in the temperature range of 50−800 °C for
CO3

2−-LDH, where three endothermic peaks were observed in
the corresponding DTA curve. The first peak at 240 °C most
likely corresponded to the release of absorbed water and
intercalated water. The second one at 350 °C was due to the
decomposition of intercalated carbonate anions and the
dehydroxylation in the layers. The last peak at 410 °C
reflected the dehydroxylation from the metal hydroxide layers
and the extensive elimination of intercalated CO3

2− in the
interlayer. For ClO4

−-LDH, the mass loss increased to 49.2%,
and the DTA curve of hydrotalcite after uptake of perchlorate
ion showed one more endothermic peak at 445 °C compared
with that of CO3

2−-LDH, which was associated with the
decompostion of ClO4

− anions.
The pictures of the color change of PVC sheets recovered

after the static thermal stability test at 180 °C are shown in
Figure 7. Both the blank PVC and the PVC with added
stabilizers had similar initial transparency. For blank PVC, after
only 10 min the sample was colored brownish yellow, then
becoming brown after 20 min, and finally blackened
completely after 30 min. Ca(St)2 and Zn(St)2 can block the
chain degradation of PVC to a certain extent. As expected, the
starting time of the coloration of sample 2 was delayed

obviously, appearing light-yellow after 30 min and turning
black completely after 70 min. Sample 3 owing to the
inhibitory effect of CO3

2−-LDH had a better thermal resistance
with 90 min stabilization time (blackened completely)
compared with sample 2. More importantly, the ClO4

−

modified LDH endowed PVC with the best thermal stability
with nearly 130 min stabilization time, and the yellowing time
was extended to 60 min. The anion-exchange selectivity of
LDH typically follows the sequence, ClO4

− < NO3
− < Br− <

Cl− < F− < OH− < SO4
2− < HPO4

2− < CO3
2−,30 and compared

with CO3
2−, the ClO4

− intercalated hydrotalcite more easily
traps and exchanges the aggressive Cl− anions produced by
PVC degradation. ClO4

− can also react with HCl to weaken its
autocatalytic effect on the thermal aging of PVC. In view of the
synergistic effect of ClO4

− and LDH, the combination of
recycled adsorbents and Ca/Zn based stabilizer had a stronger
barrier effect on the chain degradation of PVC. Figure 7 further
revealed the ΔE values of color change as a function on heat
aging time. The ΔE values of all samples reached a constant
value eventually, and the variation of ΔL* was similar to that of
ΔE, which corresponded to the gradual change of light color to
dark color for all samples. The most apparent sign of thermal
degradation of PVC is yellowing. It could be seen from Figure

Figure 7. Pictures of the transparency of PVC sheets and the result in the PVC sheets recovered after heat-resistance test at 180 °C (a), and color
change test results for ΔE (b), ΔL* (c) and ΔB* (d).

Figure 8. Representative Thermomat conductivity curves (a) and Congo red test result (b) of different PVC samples.
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7d that the time to obvious yellowing of ClO4
−-LDH−Ca/Zn-

PVC was much longer than that of other samples, and the
change of ΔB* was very slow before 60 min. The introduction
of ClO4

−-LDH hindered the removal of labile chlorine largely,
thereby reducing the generation of conjugated polyenes and
prolonging the time until onset of yellowing. All the observed
trends were consistent with the discoloration test result of PVC
sheets exhibited well in the digital photos.
A certain amount of HCl is released during the thermal

degradation of PVC, leading to changes in the conductivity of
the aqueous solution, which can be used to judge the thermal
aging of PVC. The onset time of degradation is defined as the
induction time (t1) while the time required to achieve a
conductivity of 50 μs·cm−1 is regarded as the stability time (t2).
Figure 8a displays the concentration of H+ as a function of the
degradation time. Obviously, ClO4

−-LDH−Ca/Zn-PVC had
the highest ability to limit HCl release. The flattest trend from
0 to t1 was exhibited for the curve of this sample, and it had t1
and t2 far higher than other sheets. Congo red test is one of the
most effective methods for evaluating resistance against
thermal degradation of PVC. Herein, the thermal stability
time was defined as the time for the color to change from red
to blue on Congo red test paper. As shown in Figure 8b, the
stability time for the original PVC was only 7 min. The stability
time was improved to 58 min when Zn(St)2 and Ca(St)2
stabilizers were incorporated. Notably, the discoloration time
of Congo red test paper was delayed to 78 and 104 min,
respectively, after further adding CO3

2−-LDH and ClO4
−-

LDH, consistent with the above conductivity results.

4. CONCLUSIONS
In this work, a new environmentally friendly route for recycling
LDHs was proposed for sustainable utilization of a waste
stream. Calcined hydrotalcite was used as an adsorbent for the
removal of perchlorate ions from wastewater driven by the
structure memory effect. Two different adsorption methods,
ultrasound assistance and mechanical vibration, were com-
pared in this experiment. A more favorable adsorption of
ClO4

− by the ultrasound-assisted sample was shown in the
results. Compared with the mechanical vibration method, the
maximum adsorption capacity of the adsorbents (291.89 mg/
g) was increased, and the adsorption process was nicely fitted
with the kinetic Elovich rate equation (R2 = 0.992) and
Langmuir adsorption model (R2 = 0.996). Both the diffusion
and adsorption of perchlorate anions were promoted more
strongly under this technique, leading to a more efficient
process for water remediation. Combined with the character-
ization data of the recycled adsorbent, the layered structure
was restored successfully due to the structure memory effect
and the perchlorate ions had been intercalated into the LDH
layer. Further, the ClO4

−-LDH−Ca/Zn-PVC had better color
retention, longer stability, and slower HCl release rate at high
temperature, which was demonstrated by the experiments of
long-term thermal aging, Congo red discoloration, and
electrical conductivity, respectively. Compared with CO3

2−-
LDH, the recycled adsorbent endows PVC with better thermal
stability and prolongs its service life.
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