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Abstract: The contamination by chlorinated organic solvents is a worldwide problem as they
can deeply penetrate aquifers, accumulating in the sub-surface as lenses of highly hazardous
pollutants. In recent years, so called in situ oxidation processes have been developed to remediate
chlorinated organic solvents from groundwater and soil by injecting solutions of oxidising agents
such as permanganate or peroxydisulphate. We here present modified layered double hydroxides
(LDHs) with intercalated oxidising agents that might serve as new reactants for these remediation
strategies. LDHs might serve as support and stabiliser materials for selected oxidising agents during
injection, as the uncontrolled reaction and consumption might be inhibited, and guarantee that the
selected oxidants persist in the subsurface after injection. In this study, LDHs with hydrotalcite-
and hydrocalumite-like structures intercalated with permanganate and peroxydisulphate anions
were synthesised and their efficiency was tested in batch experiments using trichloroethene or
1,1,2-trichloroethane as the target contaminants. All samples were characterised using powder X-ray
diffraction, thermal analysis coupled with mass spectrometry to directly analyse evolving gases,
and Fourier-transform infrared spectroscopy. Additionally, particle size distribution measurements
were carried out on the synthesised materials. Results of the batch experiments confirmed the
hypothesis that oxidising agents keep their properties after intercalation. Permanganate intercalated
LDHs proved to be most efficient at degrading trichloroethene while peroxydisulphate intercalated
Ca,Al-LDHs were the most promising studied reactants degrading 1,1,2-trichloroethane. The detection
of dichloroethene as well as the transformation of the studied reactants into new LDH phases confirmed
the successful degradation of the target contaminant by oxidation processes generated from the
intercalated oxidising agent.

Keywords: LDHs; hydrocalumite; oxidizing agents

1. Introduction

Decontamination of groundwater and soils from chlorinated organic solvents, formerly used as
degreasing agents, cleaning solutions, paint thinners, or even pesticides, has become a major issue
due to the increasing concern about the negative effect of these chemicals on health worldwide [1,2].
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Chlorinated organic solvents belong to the group of dense non-aqueous phase liquids (DNAPLs),
which deeply penetrate aquifers, accumulating in the sub-surface [2,3] and forming lenses of recalcitrant,
highly hazardous pollutants [4]. Several attempts have been described in the literature to fix these
chemicals to cancel their negative effects [5–8]. However, it needs to be considered that the reactants
degrading contaminants are not fixed in the soil, but can be moved and transported by water flow [9–11].
On the other hand, the physical or chemical properties might be different in different soils, hence further
reaction of the selected reactants under the new conditions also needs to be taken into account. In other
words, the retention procedures could be insufficient if such a further reaction takes place as the
retained contaminant could be released under the new conditions and so the final fact would simply
(and unfortunately) be to transfer the problem from one point to another.

Recently, the application of in situ chemical oxidation (ISCO) strategies to remediate chlorinated
organic solvents from groundwater and soil has become more prominent as contaminants are degraded
and transformed into less hazardous or even non-hazardous substances [12,13]. These strategies
typically include the injection of pure solutions of various oxidising agents such as permanganate,
peroxydisulphate, ozone, or Fenton’s reagent into the subsurface [4,14,15]. These reactants show
high reaction rates and have the potential to remove large amounts of pollution in a short time [3,13].
The limitations of these strategies arise from the short persistence of the injected oxidants due to fast
reactions with the contaminants [4,12,13,15–17]. To address this problem, studies have been carried
out in recent years on the so called controlled release materials. These are capable of slowly releasing
active products over a long time, thus being potentially able to guarantee the long-term effectiveness
of in situ treatments [4,5,8,16,17].

This study focussed on the question of whether layered double hydroxides (LDHs) could be
modified to degrade chlorinated organic solvents such as trichloroethene and 1,1,2-trichloroethane by
intercalating commonly used oxidising agents. Recent publications have shown that LDHs intercalated
with long-chain organic molecules (to modify the hydrophobicity of the interlayer) are able to
absorb and hence immobilize target contaminants such as trichloroethene, 1,1,2-trichloroethane,
or trichloromethane, inhibiting further spreading in the contaminated zone [18,19] and might serve as
new reactants for remediation strategies. Due to the selected remediation strategy and the current
conditions in the contaminated zone, a simple retention by adsorption of contaminants onto the alkyl
chain of intercalated organic molecules might be unfavoured or even useless due to the instability
of LDHs at more acidic conditions, which would lead to the destruction of the selected reactant.
Hence, the use of modified LDH particles that are able to degrade target contaminants by oxidation
processes might be a good alternative. LDHs might serve as support and stabiliser materials for
selected oxidising agents during injection as the uncontrolled reaction and consumption might be
inhibited, and guarantee that the selected oxidants persist in the subsurface after injection.

Layered double hydroxides are solids characterized by a structure built up of net positive charged
brucite-like layers balanced by intercalated anions coexisting with an interlayer of water molecules [20–22].
The general formula of LDHs can be written as [MeII

1−x MeIII
x(OH)2]x+[Am−

x/m•nH2O]x− [21].
The brucite-like layers are formed by edge-sharing metal hydroxyl octahedra characterized by a partial
divalent/trivalent cation substitution resulting in the net positive charge, with Mg, Ca, Mn, Fe, Ni, Cu,
and Zn being the most common divalent cations (MeII), while Al, Mn, Fe, Co, Ni, Cr, and Ga serve
as common trivalent anions (MeIII) [20–22]. In natural systems, the most abundant interlayer anions
(Am−) are CO3

2−, OH−, Cl−, and SO4
2− [20–22].

If cations in the hydrocalumite-like materials are substituted by ions with large ion radii such
as Ca2+, then the distance between neighbouring atoms in the main layer is increased (see Figure 1,
right panel). The strict octahedral order in the main layer becomes disintegrated as it opens towards
the interlayer and the calcium cation becomes seven-fold coordinated by one additional oxygen of the
interlayer [20].
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Figure 1. Schematic illustration of the structure of a permanganate intercalated hydrotalcite (left) and
hydrocalumite (right). Magnesium and calcium are shown as green, aluminium as grey, oxygen as red,
and manganese as purple balls. For better clarity, the hydrogen atoms are not shown. Structural data
based on Allman and Jepsen [23] and Mills et al. [20].

This study focussed on LDHs related to the hydrotalcite sub-group, with Mg2+ and Al3+ in a
3:1 molar ratio; furthermore, mentioned as Mg,Al-LDHs, and others related to the hydrocalumite
sub-groups, with Ca2+ and Al3+ in a 2:1 molar ratio, subsequently named as Ca,Al-LDHs. Permanganate-
and peroxydisulphate-ions were selected as the interlayer anions. LDHs were synthesised by the direct
co-precipitation method under supersaturated conditions. The selected synthesis is a facile, rather
rapid, and inexpensive route to directly synthesise the desired materials without having to produce
precursor materials.

The studied LDHs could therefore be used as cheap, easily prepared, and environmentally friendly
carrier materials in the form of LDHs incorporating commonly used oxidising agents, resulting in
improved remediation materials.

2. Materials and Methods

2.1. Preparation of Samples

Chemicals and reagents were purchased from different suppliers with a minimum purity of 95%
and were used without any further purification. Full data are included in the Supplementary Materials
in Table S1. All samples were synthesised by the co-precipitation method [24] under supersaturated
conditions with sodium hydroxide (NaOH) as the precipitating agent.

To synthesise the samples, different volumes of 1 mol/L aqueous solutions of the metal cation
nitrates were mixed in a specific ratio (a Mg2+/Al3+ molar ratio of 3 was used for Mg,Al-LDHs
samples, while a Ca2+/Al3+ value of 2 for samples Ca,Al-LDHs) and dropwise added using a peristaltic
pump (1 mL/min) to 100 mL of an aqueous solution containing the stoichiometric amount of the
anion (permanganate or peroxydisulphate, written as MnO4 or S2O8, respectively, in the names of
the samples, see below) to be intercalated. Syntheses were carried out at optimised values of pH 9
(Mg,Al-LDHs) or pH 11 (Ca,Al-LDHs), which was maintained at constant by adding the required
amount of 1 M NaOH using a Crison pH-burette 24. After completing the addition, the samples were
aged in the mother liquor for 24 h (Mg,Al-LDHs) or three days (Ca,Al-LDHs) at room temperature
under constant agitation.

Different aging times were selected from the information given in the literature and the previous
experience of the authors regarding the synthesis of the selected materials. Data from the literature
regarding MgAl-LDHs confirm that the well-formed hydrotalcite-like structure can already be formed
with aging times of one day or less [18,25,26]. The synthesis of hydrocalumite-like materials using
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co-precipitation is usually carried out at higher temperatures [27,28]. In this study, as the aging of
the samples was carried out at room temperature to avoid the formation of undesired side products,
a longer aging time was selected.

To avoid carbonation of the samples from atmospheric CO2, all solutions were prepared with
decarbonated water, which was prepared by boiling and then bubbling nitrogen; a nitrogen atmosphere
was maintained along all syntheses and aging steps. Synthesis of Ca,Al-LDHs samples was carried out
in a glove box under a nitrogen atmosphere to minimize the influence of atmospheric CO2. Afterwards,
all samples were centrifuged and washed with decarbonated, distilled water, and dried in an oven at
40 ◦C for 24 h.

Four samples with intercalated oxidizing agents were prepared and labelled with their desired
composition of the main layer either as Mg,Al-X or Ca,Al-X, where X stands for the intercalated
oxidizing agent (i.e., permanganate or peroxydisulphate).

2.2. Characterisation Methods

To analyse the elemental chemical composition of the synthesised samples, an inductively coupled
plasma optical emission spectrometer (ICP-OES, Ciros Vision, Spectro, Kleve, Germany) equipped with
a semiconductor detector (CCD) was used. The detailed procedure followed is described in File S1.

Solutions of the batch experiments were analysed using headspace-programmed temperature
vaporiser-gas chromatography-mass spectrometry (HS-PTV-GC-MS). Pre-tests revealed that a dilution
factor of 300 for all solutions was necessary to ensure the best possible results (please refer to File S2
for detailed instructions about the used procedure).

Crystalline phases were identified by powder x-ray diffraction (PXRD) using a D5000 x-ray
diffractometer (Bruker, Billerica, MA, USA) with 2θ geometry equipped with a 1200 W Ni-filtered
copper x-ray anode (λ = 1.5406 Å/0.154 nm). The measurements were performed in the 2–75◦2θ range
with a step size of 0.05◦2θ at a counting time of 1.5 s per step.

Thermogravimetric analysis (TG) and differential thermal analysis (DTA) curves were recorded
simultaneously on an SDT Q600 (TA Instruments, New Castle, DE, USA) using γ-Al2O3 previously
calcined overnight at 1200 ◦C in open air, as a reference material for the DTA measurements. All samples
were heated up to 900 ◦C at a heating rate of 5 ◦C/min under O2 flow (50 mL/min). The gases released
during the heating process were analysed online using a coupled mass spectrometer (MS, ThermoStar
GSD 301 T2, Pfeiffer Vacuum, Aßlar, Germany).

Fourier transform infrared spectroscopy (FTIR) analyses were carried out using a FTIR spectrometer
(Spectrum Two, Perkin Elmer, Waltham, MA, USA) with Spectrum software. The KBr pellet method
was used for the preparation of the samples. Measurements were carried out in the 4000–400 cm−1

range, averaging 20 scans to improve the signal-to-noise ratio at a nominal resolution of 4 cm−1.
The particle size distributions of the samples were determined by laser diffraction (Mastersizer

2000, Malvern, Malvern, UK) with software provided by the manufacturer. The samples were dispersed
in water, stirred at 800 rpm, and pumped (2050 rpm) to the measuring unit. Deagglomeration of the
particles was attained by in situ ultrasonic treatment for 5, 10, or 15 min.

2.3. Chlorinated Organic Solvent Oxidation

Batch experiments were carried out using 1–2 g of the selected dried LDH sample, which was
dispersed in 200 mL of deionized water under gentle stirring. A final contaminant concentration
of 0.4 mmol/L was set by adding the required volume of either trichloroethene (TCE, 3.6 µL) or
1,1,2-trichloroethane (1,1,2-TCA, 3.7 µL) using a Hamilton Microliter syringe. Control experiments
containing contaminants but no LDH contaminants of the same concentration were prepared to follow
the evaporation of the contaminants during the experiments. Bottle necks were wrapped with Teflon
tape and bottles (120 mL amber glass bottles, Sigma-Aldrich) were securely closed using plastic caps
with moulded-in Polytetrafluoroethylene (PTFE)/silicone septa (Sigma-Aldrich). To minimize the
evaporation of the added chlorinated organic solvents, all bottles were stored upside down during the
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batch experiments. Constant agitation during the experiments was ensured by placing all bottles in an
isothermal water bath (WNB 49, Memmert, Büchenbach, Germany) coupled with an agitator (SV 49,
Memmert) set at 105 strokes per minute. Portions of the solutions containing 1,1,2-TCA were taken
after 2, 4, 6, 24, and 48 h after the addition of the selected LDHs. Portions of the solutions containing
TCE were sampled after 2, 24, 48, 72 and 144 h after the addition of LDHs.

Batch experiments were stopped after 48 h (TCE) or 144 h (1,1,2-TCA) by filtering the samples.
The filtering cake was dried on filter paper in a desiccator for two days at room temperature and
securely stored until used for PXRD measurements.

3. Results and Discussion

3.1. Characterization of the Synthesized Materials

3.1.1. ICP-OES

The chemical elemental analysis data for Ca, Mg, Al, Mn, and S for all synthesised samples are
given in Table 1. The Ca/Al, Mg/Al, and anion/Al (X/Al) molar ratios, calculated from the chemical
element analysis data, are also included.

Table 1. Chemical elemental analysis data (% w/w) of the synthesised samples and calculated molar
ratios. All values rounded to two decimal places.

Sample Mg Ca Al Mn S Mg/Al Ca/Al X/Al

MA-MnO4 21.20 8.04 15.03 2.93 0.92
MA-S2O8 19.03 7.36 6.36 2.87 0.36
CA-MnO4 13.37 4.65 8.85 1.94 0.94
CA-S2O8 8.29 2.89 2.05 1.93 0.30

The Mg/Al molar ratio was close to 3 for samples MA–X, a maximum deviation of 4% being
calculated for sample MA–S2O8, while the Ca/Al molar ratio for the CA–X samples was close to
the expected value of 2, the maximum deviation being only 3% for both samples. These values
are in a range that is usually accepted to yield well-defined hydrotalcite- and hydrocalumite-like
structures [20,21]

The MnO4
−/Al3+ molar ratios for the permanganate intercalated samples were acceptably close

to the expected value of 1, and a maximum deviation of 8% was calculated for sample MA–MnO4.
This ratio was somewhat lower than unity, which means that additional anions should exist in
the interlayer. The presence of carbonate from atmospheric CO2 seems to be excluded due to the
precautions taken during the preparation of the samples. FTIR and TG/DTA analyses (see the following
related sections) showed that nitrate from metal ion precursors was present in the synthetic LDHs.
For the peroxydisulphate intercalated samples, the expected value of 0.5 was not reached. The large
deviation (up to 40% for sample CA-S2O8) might be due to the simultaneous intercalation of other
anions existing in the reaction medium (e.g., nitrate from the metal cations solution or carbonate).

3.1.2. Powder X-Ray Diffraction

The PXRD patterns of the synthesised samples are included in the Figures S1–S4. All of the
studied samples showed diffraction patterns typical for layered double hydroxides with hydrotalcite-
and hydrocalumite-like structures for our MA–X and CA–X samples.

Mg,Al-LDHs showed a first peak at ca. 10◦2θ (d-spacing = 8.7 Å for MA–MnO4, 8.8 Å for
MA–S2O8), which was due to the reflection of the (003) planes in hydrotalcite-like structures with
a rhombohedral 3R stacking of the main layers [21]. For these samples, the lattice parameter c
corresponded to three times the spacing value of this peak (i.e., c = 26.1 Å for MA–MnO4 and c = 26.4 Å
for MA–S2O8). Lattice parameter a gives the average distance between two adjacent cations in the
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main layers. It can be calculated as twice the d-spacing of the reflexion of the (110) planes, which is
responsible for the first peak of a doublet at approximately 60◦2θ; a = 3.03 Å for MA–MnO4 and
a = 3.02 Å for MA–S2O8, which were in relatively good agreement with the reported data for similar
LDHs [18,20,29]. The typical doublet at approx. 60◦2θ could not be easily detected in the PXRD
diagrams of these samples, and only a single peak was recorded. Hence, the here stated values must
be considered with caution and might deviate due to the quality of the studied samples. Possible
explanations are the low crystallinity of the Mg,Al-samples due to the selected aging time and stacking
faults in the crystal lattice, most likely as a turbostratic disorder of the cations in the layers in in
c-direction„ which generates the so called “shark’s fin” peak shape of the (h0l) reflections in the range
from 35–50◦2θ.

Ca,Al-LDHs likewise showed a first peak at approximately 10◦2θ, which corresponded to the
reflection of the (003) planes of CA–MnO4 (d-spacing = 8.6 Å) and (006) planes for the sample
CA–S2O8 (d-spacing = 8.7 Å). The variation in the planes responsible for the diffractions originates
because Ca,Al-LDHs can exhibit two different stacking sequences, namely, rhombohedral 3R polytype
with X = MnO4

− and rhombohedral 6R polytype with X = S2O8
2− [22,30]. Consequently, the lattice

parameter c corresponds to three times the spacing of this first peak for the permanganate intercalated
sample (c = 25.8 Å) and six times the spacing for the peroxydisulphate intercalated sample (c = 52.0 Å).
In these samples, the lattice parameter a differs largely from those stated for the Mg,Al-LDHs as the
presence of the larger calcium cations, if compared to the magnesium counterparts, in the main layer
of the LDHs result in increased distances between neighbouring atoms in the brucite-like layers [20,22].
For the Ca,Al-LDHs samples, a values of 5.73 Å (CA-MnO4) and 5.75 Å (CA-S2O8) were observed,
which were in very good agreement with the values reported in the literature [20,26–32].

The longer aging time of the Ca,Al-LDHs samples led to the development of intense, sharp peaks,
which indicated a well crystallized material had formed for these samples. In contrast, Mg,Al-LDHs
samples rather showed broader, weaker peaks, indicating a less crystalline material. The crystallite size
was calculated for the first peak, corresponding to the spacing of the LDH in the c-direction, using the
Scherrer equation [33]. The resulting crystallite sizes are given in Table 2. It should be noticed that
despite the different nature of the intercalated anion, the crystallite size in the direction perpendicular
to the layers was roughly the same for both Mg,Al-samples on one side, and for both Ca,Al-samples on
the other. It should also be noted that the values for the Ca,Al-samples were significantly larger than
for the Mg,Al-LDHs, probably as a result of the longer reaction time, allowing a slow increase in the
crystallite size from the mother liquor during synthesis.

Table 2. Lattice parameters (Å) and average crystallite size (D, Å) of the synthesised samples.

Sample a c’ c D

MA–MnO4 3.03 8.7 26.1 50
MA–S2O8 3.02 8.8 26.4 60
CA–MnO4 5.73 8.6 25.8 350
CA–S2O8 5.75 8.7 52.0 420

3.1.3. Thermal Analysis and Evolved Gas Analysis

The thermal decomposition of the synthesised materials was studied using TG-DTA coupled to a
MS to determine the gases evolved upon increasing the temperature. The curves are included in the
Figures S5–S8 and that for sample MA–MnO4 is included in Figure 2. All curves of the studied material
revealed the expected mass losses that are typical for Mg,Al- and Ca,Al-LDHs [34,35], respectively
(i.e., three mass loss steps for the Mg,Al-LDHs, while four for the calcium counterparts, respectively),
a difference clearly related to the nature of the layers. Significant differences can be also observed
on changing the nature of the intercalated anion. The thermal behaviour of these solids was also
different from that reported for nitrates or carbonates containing LDHs, where the interlayer anions
are removed as a gaseous species upon heating at or above ca. 500–600 ◦C. However, in the current
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study, the decomposition of permanganate or peroxydisulphate led to permanent anions, which were
not expected to be removed upon heating in the experimental conditions and temperature range
here applied.Minerals 2020, 10, x FOR PEER REVIEW 8 of 22 

 

 

Figure 2. Thermogravimetric analysis-differential thermal analysis (TG-DTA) of sample MA–MnO4. 

For the Mg,Al-LDHs, a second mass loss was recorded up to 530 °C, which was due to the 

decomposition of the interlayer phases and evolution of water by condensation of the hydroxyl 

groups of the main layer. Only NO2, as co-intercalated nitrate to balance the excess of the net positive 

charge of the main layers and being present due to the use of Mg2+ and Al3+ nitrate salts during the 

synthesis of the reactants, was detected in this second mass loss step, together with water vapour, 

evolved for sample MA–MnO4. While for sample MA–S2O8, NO2, together with a minor amount of 

CO2, was evolved, together with SO3 coming from the decomposition of peroxydisulphate. In this last 

case, it seems that the interlayer anions were S2O82− and NO3−, which came from the initially used 

magnesium and aluminium nitrates used for the synthesis of the samples as well as CO32−, most likely 

intercalated from atmospheric CO2. This amount was qualitatively rather low as the amount of 

evolved gases was not quantified. The presence of nitrate was confirmed by FTIR spectroscopy (see 

below). 

The question remains about the thermal decomposition of interlayer permanganate anion. It is 

well known [36] that thermal decomposition of KMnO4 takes place in the same temperature range, 

leading to a mixture of KMnO4, K2MnO4, and O2. Formation of birnessite should be discarded, as an 

oxidising atmosphere was used in the current case. In our case, evolution of O2 was not monitored, 

as oxygen being the carrier gas, small changes in its partial pressure from the thermal decomposition 

of MnO4− would be negligible. However, it should be noted that this is the pattern for the 

decomposition of bulk KMnO4, not of MnO4− existing in the interlayer, which can undergo 

decomposition in a different fashion. The recorded mass loss was caused by the transformation of the 

intercalated permanganate to some sort of manganese oxide, most likely Mn3O4, haussmanite, or 

MnO2, pyrolusite, which is confirmed by the evolution of O2, together with the release of NO2, from 

co-intercalated nitrate, and water from main layer hydroxyl groups. This mass loss was accompanied 

in the DTA curve by a strong endothermic effect. The shape of the DTA curves for samples MA–

MnO4 and MA–S2O8 were rather similar as well as the corresponding TG curves. However, the gases 

detected by MS in the second mass loss effect for sample MA– S2O8 corresponded to CO2, NO2, and 

SO3, together with H2O. This means that, in this case, in addition to S2O82-, the interlayer also 

contained small portions of nitrate and carbonate, the tentative origin of which has been described 

above. In addition, the partial decomposition of the S2O82− anion was also observed, with the 

evolution of SO3. 

The Ca,Al-LDHs samples showed a different behaviour from that shown by the permanganate-

containing sample. The first and last steps extended in similar temperature ranges for both sets of 

samples, but the main difference is that the intermediate mass loss splits into two well defined 

Figure 2. Thermogravimetric analysis-differential thermal analysis (TG-DTA) of sample MA–MnO4.

The values of the mass losses recorded in each step are summarized in Table 3.

Table 3. Summary of the thermal decomposition data for all of the samples studied.

Sample Event Mass Loss (%) Temperature Range (◦C) Evolved Gases

MA–MnO4 I 11.6 25–160 H2O
II 36.4 160–527 NO2, H2O
III 1.7 527–900

Total 49.7 25–900
MA–S2O8 I 11.6 25–218 H2O

II 29 218–536 SO3, CO2, NO2, H2O
III 2.7 536–900

Total 43.3 25–900
CA–MnO4 I 10.8 25–130 H2O

II 13.8 130–300 H2O
III 15.4 300–560 NO2
IV 6 560–900

Total 46 25–900
CA–S2O8 I 20.6 25–125 H2O

II 9.4 125–330 H2O
III 23 330–686 SO3, NO2, H2O
IV 1.5 686–900

Total 54.5 25–900

In all cases, the first mass loss can be ascribed to the removal of externally adsorbed water (if any)
and that of the interlayer water, as confirmed by mass spectrometry of the evolved gases for sample
CA–MnO4, which showed a signal at m/z = 18 (H2O+).

The amount of interlayer water (see Table 4) was calculated from the mass content of the layer
metal cations and interlayer anions (Table 1) and this first mass loss. To perform this study, it was
assumed that MnO4

− (or S2O8
2−) were the only species existing in the interlayer, together with water

molecules. The error was not too large, making this approach or considering the presence of nitrate
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and/or carbonate, to fully balance the positive charge of the layers, especially in the case of the S2O8
samples. The DTA curves of the studied samples showed medium intensity endothermic peaks for the
Mg,Al-LDHs and high intensity endothermic peaks for the Ca,Al-LDHs in the same temperature range.
In all cases, a small mass loss was recorded above ca. 550 ◦C, which might correspond to the release of
occluded water molecules. However, the main mass loss, at intermediate temperatures, occurred in a
single step for the Mg,Al-samples, but in two steps for the Ca,Al-LDHs.

Table 4. Chemical formulae of the synthesized samples. All values rounded to two decimal places.

Sample Chemical Formula

MA–MnO4 [Mg0.75Al0.26(OH)2](MnO4)0.23(NO3)0.02•0.64H2O
MA–S2O8 [Mg0.74Al0.26(OH)2](S2O8)0.09(NO3)0.07•0.56H2O
CA–MnO4 [Ca0.66Al0.34(OH)2](MnO4)0.32(NO3)0.02•0.73H2O
CA–S2O8 [Ca0.66Al0.34(OH)2](S2O8)0.10(NO3)0.147•1.40H2O

The main loss took place between ca. 150 and 600 ◦C, but the behaviour observed for the
permanganate and peroxydisulfate intercalated samples was quite different and are discussed separately.

For the Mg,Al-LDHs, a second mass loss was recorded up to 530 ◦C, which was due to the
decomposition of the interlayer phases and evolution of water by condensation of the hydroxyl groups
of the main layer. Only NO2, as co-intercalated nitrate to balance the excess of the net positive charge
of the main layers and being present due to the use of Mg2+ and Al3+ nitrate salts during the synthesis
of the reactants, was detected in this second mass loss step, together with water vapour, evolved
for sample MA–MnO4. While for sample MA–S2O8, NO2, together with a minor amount of CO2,
was evolved, together with SO3 coming from the decomposition of peroxydisulphate. In this last
case, it seems that the interlayer anions were S2O8

2− and NO3
−, which came from the initially used

magnesium and aluminium nitrates used for the synthesis of the samples as well as CO3
2−, most likely

intercalated from atmospheric CO2. This amount was qualitatively rather low as the amount of evolved
gases was not quantified. The presence of nitrate was confirmed by FTIR spectroscopy (see below).

The question remains about the thermal decomposition of interlayer permanganate anion. It is
well known [36] that thermal decomposition of KMnO4 takes place in the same temperature range,
leading to a mixture of KMnO4, K2MnO4, and O2. Formation of birnessite should be discarded, as an
oxidising atmosphere was used in the current case. In our case, evolution of O2 was not monitored,
as oxygen being the carrier gas, small changes in its partial pressure from the thermal decomposition of
MnO4

− would be negligible. However, it should be noted that this is the pattern for the decomposition
of bulk KMnO4, not of MnO4

− existing in the interlayer, which can undergo decomposition in a different
fashion. The recorded mass loss was caused by the transformation of the intercalated permanganate
to some sort of manganese oxide, most likely Mn3O4, haussmanite, or MnO2, pyrolusite, which is
confirmed by the evolution of O2, together with the release of NO2, from co-intercalated nitrate,
and water from main layer hydroxyl groups. This mass loss was accompanied in the DTA curve by a
strong endothermic effect. The shape of the DTA curves for samples MA–MnO4 and MA–S2O8 were
rather similar as well as the corresponding TG curves. However, the gases detected by MS in the
second mass loss effect for sample MA–S2O8 corresponded to CO2, NO2, and SO3, together with H2O.
This means that, in this case, in addition to S2O8

2−, the interlayer also contained small portions of
nitrate and carbonate, the tentative origin of which has been described above. In addition, the partial
decomposition of the S2O8

2− anion was also observed, with the evolution of SO3.
The Ca,Al-LDHs samples showed a different behaviour from that shown by the

permanganate-containing sample. The first and last steps extended in similar temperature ranges for
both sets of samples, but the main difference is that the intermediate mass loss splits into two well
defined processes. From the MS of the evolved gases, it is concluded that the second mass loss (13.8%
of the initial sample mass for the sample CA–MnO4, and 9.4% for sample CA–S2O8) corresponded to
the removal of water mainly through the condensation of a layer of hydroxyl groups. For the third
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mass loss (15.4% and 23% for samples CA–MnO4and CA–S2O8, respectively), the MS showed the
release of NO2 for sample CA–MnO4and of NO2 and SO3 for sample CA–S2O8. For the reasons given
above, the evolution of MnO4was not monitored.

All synthesised samples showed similar patterns in their thermal decomposition. The Mg,Al-LDH
samples showed a three step thermal decomposition of the solids. The first one corresponded to
the removal of the interlayer and eventually externally adsorbed water molecules. The second one
corresponds to the condensation of the layer of hydroxyl groups with the evolution of water, together
with NO2 from the interlayer nitrate, the anions in the original reagents, which complete the electrical
balance in the solid, and SO2 for sample MA–S2O8. The third step probably corresponds to the
evolution of gases formed during the early stage of the decomposition, which resulted being occluded
and are released only at high temperatures.

On the contrary, the CA-LDHs showed a decomposition in four steps. The first and the fourth
step probably had the same origin as the first and the third one in the decomposition of the
Mg,Al-LDH samples. The second one seems to correspond to the evolution of water vapour from
the layer of hydroxyl groups, and the third one to the decomposition of the interlayer counter anions
(i.e., peroxydisulphate and nitrate). Processes involving the interlayer species occur simultaneously
with the condensation of layer hydroxyls for the MA–LDH samples, but not for the CA-LDH ones.

The calculated formulas of the studied compounds, which were based on the results of the
TG-DTA-MS analyses, are given in Table 4. The content of magnesium, calcium, aluminium, and the
interlayer anions MnO4

− and S2O8
2− were calculated based on the results of the ICP-OES analyses

(see the raw data in Table 1). The water content in the interlayer was calculated from the results of
the thermal analyses of the solids. The nitrate content included was calculated based on the electrical
balance between the layers and the interlayer, considering that NO2 evolution was observed in all cases.

3.1.4. FTIR Spectroscopy

All samples studied showed absorption bands typical for layered materials related to the
hydrotalcite- and hydrocalumite-subgroups. These bands can be assigned to vibrations of the hydroxyl
groups of the main layers, water molecules of the interlayer, the intercalated anions, and of the lattice
of the main layers [37–40]. The precise positions of the bands in all recorded spectra are given in
Tables S2 and S3.

Figure 3 shows the FTIR spectra of the studied samples. For the Mg,Al-LDHs samples, a broad
absorption band was recorded between 3575–3345 cm−1, which corresponded to the stretching vibration
of hydroxyl groups in the interlayer and the main layer of the LDH. For Ca,Al-LDHs, this broad
absorption band was recorded as a double band with vibrations of the hydroxyl groups in the main layer
corresponding to the first band and those of the two interlayers in the second band. The broadening of
this absorption band is caused by hydrogen bonds. The absorption band at 1632 cm−1 corresponds to
the bending vibration of the interlayer water molecules. All samples showed an intense absorption
band at 1385 cm−1, which is most likely caused by the stretching vibrations of nitrate species [29,41]
due to insufficient washing of the samples. From the chemical elemental analysis, it can be assumed
that some of these nitrate anions are in the interlayer to completely balance the positive charge of
the brucite-like layers. The absorption band at 785 cm−1 corresponded to bending vibrations of the
metal hydroxide groups of the main layer [29,41]. These could only be found in the spectra of the
Ca,Al-samples. Absorption bands recorded below 700 cm−1 were caused by the metal-hydroxyl
translation modes in the lattice of the LDHs.

In addition to the absorption bands typical for every LDH, these spectra showed further
bands caused by their respective interlayer anion. Hence, permanganate intercalated samples
showed absorption bands caused by the stretching vibrations of the tetrahedral-coordinated
permanganate-anion at 904 cm−1 (v3) and 826 cm−1 (v1) [29,41,42]. Sample CA–MnO4 additionally
showed an absorption band at 786 cm−1, corresponding to the symmetric stretching vibration of the
tetrahedrally-coordinated permanganate-ion in the interlayer of the LDH [42].
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Figure 3. FTIR spectra of the synthesised samples. (Left panel) permanganate-ion; (right panel)
peroxydisulphate-ion. (Top spectra) MA samples; (bottom spectra) CA samples.

The peroxydisulphate intercalated samples showed additional adsorption bands caused by
different vibrations in the peroxydisulphate-ion. Bands at 1312 cm−1, 1271 cm−1, and 1111 cm−1

corresponded to the stretching vibrations of the SO4
2− group [43]; sample CA–S2O8 only showed the

last mentioned band. Bending vibrations of the sulphate groups led to bands at 685 and 667 cm−1 [41,43],
which were only recorded for sample MA–S2O8. The stretching vibrations of the S–O–O–S bridge
caused absorption bands at 1060 cm−1 (vas) and 836 cm−1 (vs) [41,43]. The absorption band at 423 cm−1

can also be assigned to bending vibrations of the S–O–O–S bridge in the peroxydisulphate-ion [41].
The evaluation of the FTIR spectra of the synthesised samples confirmed the successful intercalation

of the desired interlayer anions permanganate and peroxydisulphate, together with the probable
presence of nitrate anions.

3.1.5. Particle Size Distribution

The particle size distribution was measured for all synthesised samples on the dried sample
material. All samples were treated under ultrasound for 5 up to 15 min to minimize the aggregation of
the primary particles. All diagrams are included in the Figures S9–S12.

The Mg,Al-LDH samples revealed a maximum at around 300µm with a sharp decrease in the curve
for values above this maximum. Below the maximum, the recorded curve decreased more steadily,
revealing shoulders at approximately 30 and 2 µm. Application of 15 min ultrasound resulted in the
evolution of a second maximum at 30 µm for sample MA–S2O8, whereas no significant differences
could be seen in the respective curve of sample MA–MnO4 after 15 min of ultrasound treatment.
The evolution of the second maxima in sample MA–S2O8 might be due to a re-agglomeration of small
particles, which were separated during the ultrasound treatment [44].

Ca,Al-LDHs samples showed a maximum at 100–100 µm in the curve of the untreated sample.
Towards a larger or smaller particle size, the curve decreased slowly. The curve for sample CA–MnO4
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showed one shoulder at ca. 5 µm, which was absent in the curve of sample CA–S2O8. However,
this curve showed shoulders at 0.5 and 125 µm. Upon 15 min ultrasound treatment, the mentioned
shoulders evolved into new maxima at 0.5 and 3.5 µm in both CA–LDHs. Small shoulders could be
seen at 20 µm and 80 µm.

Sample MA–MnO4 was the only sample to show a monomodal particle size distribution at 110 µm,
the other synthesised samples revealed bimodal particle size distributions.

The d(0.5) values defined as the median particle size in µm, which divides the population exactly
into two equal halves for all samples, are given in Table 5.

Table 5. The d(0.5) values inµm of the particle size distribution of the aggregated and de-aggregated samples.

Sample Particle Size (µm)

d(0.5)
Aggregated

d(0.5)
De-Aggregated

MA–MnO4 220 180
MA–S2O8 210 80
CA–MnO4 170 5
CA–S2O8 70 5

d(0.5) = median particle size.

As shown in Table 5, the Mg,Al-LDHs samples generally had larger particle sizes than the
Ca,Al-LDHs ones. The peroxydisulphate intercalated samples showed smaller average particle sizes
compared to the permanganate intercalated LDHs. Upon ultrasound treatment, the average particle
size of all samples decreased significantly, the largest decrease being detected for sample CA–MnO4
(reduced by a factor of 34). Such a behaviour should be closely related to the specific nature of the
layers and to a lesser extent, to the interlayer anion. It is probable that small differences in the surface
properties could account for these findings. It seems that the development of particles and their size
distribution is strongly dependent on the precise stirring conditions during synthesis and aging as
well as on the precise drying conditions.

3.2. Reactivity Studies

All chromatograms of the HS-PTV-GC-MS measurements of the batch experiments using
trichloroethene (TCE) or 1,1,2-trichloroethane (1,1,2-TCA) as the contaminants after the selected
reaction times are given in the Figures S13–S20. Experimental solutions containing TCE were sampled
after 2, 24, 48, 72 and 144 h after the addition of LDHs. Samples of the experimental solutions containing
1,1,2-TCA were taken after 2, 4, 6, 24 and 48 h after the addition of the selected peroxydisulphate
intercalated LDHs. An exception was made for the peroxydisulphate intercalated samples as the
literature reports a slower reaction of inactivated peroxydisulphate with contaminants [45]. Usually,
it is activated to produce free sulphate radicals showing a higher reactivity (103–105 times faster) and
oxidation potential towards different contaminants (2.6 V for the radicals compared to 2.1 V for the
peroxydisulphate ion) [45]. Subsequently, experimental solutions using peroxydisulphate intercalated
LDHs as the reactants were first sampled after 24 h.

Resulting peaks at different retention times in the GC curves were assigned to different
compounds using coupled MS spectroscopy. It was found that in the experiments here carried out,
the target contaminants TCE and 1,1,2-TCA had a retention time of 2.4 min and 2.9 min, respectively.
Measurements on blank solutions, containing the two selected contaminants but in the absence of
any LDH, were carried out to examine the evaporation rate of the contaminants during the batch
experiments. Results of the blank measurements on TCE are given in Table S4 in the Supplementary
Materials. The calculated concentrations, by integrating the area of the corresponding peak at a retention
time of 2.4 min, revealed a total evaporation of 39.4% TCE compared to the initial concentration of
0.4 mmol/L; for 1,1,2-TCA, an evaporation of 20.3% was calculated (see Table S5).
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Quantitative calculations were carried out for each experiment to estimate the amount of
intercalated oxidising agent that reacted with the selected target contaminant. In addition to this,
the initial oxidant:contaminant ratios were calculated for each experiment (see Table S4 for precise
values of the experiments using TCE and Table S5 for experiments addressing 1,1,2-TCA).

3.2.1. TCE–Mg,Al-LDHs System

The curves for both samples (MA–MnO4 and MA–S2O8, Figures S13 and S14) showed a clear
decrease over time at the height of the peak corresponding to TCE; the largest decrease was recorded for
sample MA–MnO4 (Figure S13). Sample MA–MnO4 showed a first decrease after 24 h by approximately
one fourth of the initial peak height and no further significant decrease was observed after 48 and
72 h. A final decrease was detected after 144 h by approximately one tenth compared to the initial
peak height. Additionally, all curves showed a small peak at 2.95 min, the retention time of 1,1,2-TCA,
which did not show any significant changes over time. This is most likely to be present due to the
memory effect of the selected GC column.

For sample MA–S2O8 (Figure S14), the curves showed a rather different evolution of the peaks
corresponding to TCE. The intensity of the TCE peak at a retention time of 2.4 min slightly increased
after 24 h reaction, if compared to the height after 2 h reaction. When the reaction time was further
extended to 48 and 72 h the intensity decreased, reaching a final height, after 72 h reaction, of one fifth
of the initial height. Again, the additional peak at 2.95 min corresponded to 1,1,2-TCA and is caused
by the memory effect of the selected column.

To identify the evolution of the contaminant concentration in solution over time, the area of the
TCE peak at different reaction times was integrated and normalized to the values of the blank solution
measurements. Calculated contaminant concentrations of the experiments using Mg,Al-LDHs are
given in Table S4 as mmol/L and % of the initially added amount of the contaminant (0.4 mmol/L).
Figure 4 shows the evolution of the contaminant concentration (%) over time (red squares) compared
to the loss of contaminant due to evaporation, measured in blank solutions (black dots).Minerals 2020, 10, x FOR PEER REVIEW 13 of 22 
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Figure 4. Results of the HS-PTV-GC-MS measurements with permanganate (left) and peroxydisulphate
(right) intercalated MA–LDHs using trichloroethene as the contaminant. Contaminant concentration
(%) in solution over time (h). Blank solution as black dots, experimental solution as red squares.

The permanganate intercalated Mg,Al-LDH turned out to be especially effective at degrading
TCE in aqueous solutions. The initial oxidant:TCE ratio was calculated to be 116:1 for this experiment.
After a reaction time of 144 h, only 0.007 mmol/L TCE could be detected, which corresponded to 1.7% of
initial TCE concentration. This indicates a total TCE loss of 98.3%, 39.4% due to evaporation, and 59.0%
was the result of the successful degradation of TCE by MA–MnO4. This maximum decrease in the
TCE concentration in the solution was reached after a reaction time of only 24 h. No further change in
the contaminant concentration could be seen upon increasing reaction time. Quantitative calculations
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revealed that only 1.5% of the intercalated permanganate was reduced to MnO2 (concluded from the
PXRD measurements) upon reaction with TCE.

For the experiment using MA–S2O8, the initial peroxydisulphate:TCE ratio was calculated to be
50:1. Results revealed a final TCE concentration in solution of 0.062 mmol/L after 72 h, which was
equivalent to 15.6% of the initial TCE concentration. This indicated a total TCE loss of 84.5% over
the course of this experiment, and 45.1% by the degradation process. The curve progression of the
evolution of the TCE concentration in solution, compared to that of the blank measurements, indicates
that the degradation process did not finish, even after 144 h. Quantitative calculations revealed that
less than 0.9% of the intercalated peroxydisulphate reacted with TCE within this time frame.

Based on the results of the HS-PTV-GC-MS measurements, the PXRD measurements were solely
carried out on the reacted sample MA–MnO4, where the reaction was completed after 144 h, to examine
the evolution of the crystalline phases formed upon reaction with TCE. Such a study was not carried
out for sample MA–S2O8 as the reaction was not completed even after 144 h. Figure 5 compares the
diffraction pattern of the used sample MA–MnO4-TCE (bottom) with that of the freshly synthesised,
unreacted sample MA–MnO4. It should be noted that after the reaction, the solid showed a brown
colour, thus suggesting the absence of permanganate (purple, oxidation state +7) or manganate (green,
oxidation state +6), but the presence of manganese oxides, where its oxidation state should be lower
than +6, upon reaction with TCE.
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Figure 5. PXRD pattern of the used sample MA–MnO4 after the experiments using TCE (bottom)
compared to the pattern of the unreacted raw material (top). (+) chloride intercalated Mg,Al-LDH and
(·) MnO2.

Compared to the pattern of the raw material, the main peaks of the reacted sample slightly shifted
towards a higher ◦2θ, with the first maximum at 10.9◦2θ, indicating a decrease in the interlayer spacing
for the used sample from 8.71 Å to 8.05 Å after the reaction.

In other words, the interlayer permanganate species reacted with TCE, leading to the formation of
new phases in the interlayer.

Most of the new peaks recorded could be assigned to a chloride-intercalated hydrotalcite-like
material. Constatino and Pinnavaia [26] reported chloride intercalated Mg,Al-LDHs with an interlayer
spacing of 7.8 Å, which was in good agreement with our findings. The remaining peaks could be
assigned to manganese oxide (MnO2). This indicates that the initially intercalated permanganate-ions
were exchanged by chloride ions, formed as a by-product of TCE oxidation by permanganate, which is
in turn reduced to MnO2.



Minerals 2020, 10, 462 14 of 22

3.2.2. TCE–Ca,Al-LDHs System

All curves of the experiments carried out on TCE degradation using Ca,Al-LDHs are included in
the Figures S15–S17. The curves revealed a linear evolution of the TCE peak over time, the largest
decrease being observed for sample Ca,Al-MnO4 by approximately one third of the initial peak height.
Curves related to experiments using 2 g CA-MnO4 showed no further significant peak evolution after
24 h of reaction time. The curves of the experiment using 1 g CA-MnO4 showed only a slightly slower
evolution of the TCE peak, reaching the minimum peak height after 72 h.

The curves for the reactions carried out with sample CA–S2O8 showed a smaller decrease in the
TCE peak height and no further decrease after 72 h of reaction. The peak height was decreased by one
half compared to the initial peak height.

Calculated contaminant concentrations of the experiments using Ca,Al-LDHs are given in Table S4
in mmol/L and% of the initially added amount of the contaminant (0.4 mmol/L). Figure 6 shows
the evolution of the contaminant concentration (%) over time (red squares) compared to the loss of
contaminant due to evaporation, measured in blank solutions (black dots).Minerals 2020, 10, x FOR PEER REVIEW 15 of 22 
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For the experiments using 2 g or 1 g CA-MnO4, the initial permanganate:TCE concentrations were
calculated as 131:1 and 66:1, respectively. The final TCE concentration of 0.05 mmol/L (13.18% and
12.18%, respectively) was calculated for both experiments, indicating that the solid degraded 47.5%
and 48.5% of TCE, respectively. No further change in the contaminant concentration could be seen
upon increasing the reaction time after 24 h. It was estimated by quantitative calculations that only 1%
and 1.9%, respectively, of the intercalated permanganate were reduced upon reaction with TCE.
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The results of the experiment with CA–S2O8 gave a final TCE concentration in solution of
0.228 mmol/L (56.99% of the initial concentration; initial peroxydisulphate:TCE was 41:1). This sums
up to a total TCE loss of only 43%, from which only 3% was the result of the degradation by the
LDH, a poor degradation behaviour compared to the other synthesised reactants tested in this study.
This might be due to a lack of intercalated oxidising agent, which was insufficient to degrade TCE,
but as other experiments in this study have shown, was enough to degrade 1,1,2-TCA. Quantitative
calculations revealed that presumably less than 0.1% of the intercalated peroxydisulphate was reduced
upon reaction with TCE. Further investigation is needed to doubtlessly answer this question as the
literature showed that the selected total reaction time should be enough to degrade TCE by inactivated
peroxydisulphate [46]. Based on the here gathered results, we cannot propose any potential use of
the peroxydisulphate intercalated Ca,Al-LDH regarding its potential use in remediation strategies
addressing trichloroethene.

PXRD measurements were carried out on the used Ca,Al-MnO4 sample. Figure 7 shows the
XPRD pattern of sample CA–MnO4 after the reaction with TCE (bottom) and compared to the pattern
of the unreacted sample (top).Minerals 2020, 10, x FOR PEER REVIEW 16 of 22 
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Figure 7. PXRD pattern of the reacted sample CA–MnO4 after experiments using TCE (bottom)
compared to the pattern of the unreacted raw material (top). Peaks are labelled regarding their assigned
mineral phases; (+) hydrocalumite and (·) MnO2.

The main peak was recorded at values of 10.3◦2θ (d-spacing 8.6 Å) for the original sample,
and 11.7◦2θ (7.5 Å) after the reaction. Evaluation of the pattern corresponding to the used sample
revealed hydrocalumite (pattern 00–054–0851), a chloride intercalated Ca,Al-LDH with the formula
[Ca4Al2(OH)12]Cl2•10H2O [31] as the main phase (main peak at 11.4◦2θ, 7.7 Å). The remaining peaks
could be assigned to manganese oxide (MnO2).

The occurrence of hydrocalumite and manganese oxide confirmed that the studied LDH
successfully degraded the selected contaminant. As the contaminant is oxidised by the intercalated
permanganate ion, the contaminant degrades, releasing chlorine ions into the solution while the
permanganate ions are reduced, forming manganese oxides. To balance the net positive charge of the
main layers of the Ca,Al-LDH, the now free chloride anions are intercalated, forming hydrocalumite.
As for the experiments described above, throughout the experiments, the solid showed a colour change
from purple to brown, indicating the transformation of the permanganate ions to manganese oxides
and thus confirming the reaction of the LDH and the interlayer anion, respectively, with TCE.
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Based on the results of the MS analyses and the calculated TCE concentrations in solution, it can
be concluded that intercalation has no negative effect on the oxidative potential of permanganate.
No significant variations were detected using LDHs with a different main layer composition.

The results presented here also indicate a large potential of sample MA–S2O8 as a possible
reactant for the chemical oxidation of TCE, while CA–S2O8 showed no significant degradation of
the contaminants.

3.2.3. Experiments–1,1,2-TCA-Mg,Al- and Ca,Al-LDHs

As shown in the literature, permanganate is not an effective oxidising agent to degrade chlorinated
alkanes [3], and peroxydisulphate intercalated LDHs were exclusively used to carry out batch
experiments addressing 1,1,2-TCA. Initial peroxydisulphate:TCA ratios were calculated as 50:1 for the
experiment using MA–S2O8, 41:1 using 2 g CA–S2O8, and 20:1 using 1 g CA–S2O8, respectively.

Curves of the HS-PTV-GC-MS measurements for these experiments are included in the
Figures S18–S20.

A linear evolution of the peaks at 2.95 min (1,1,2-TCA) could be observed in the curves of all three
studied samples. The peak height decreased upon increasing reaction time; curves for experiments
using 1 or 2 g of MA–S2O8 showed the largest changes in the peak height, decreasing down to
one third of the original intensity, when comparing the curves recorded after 2 h of reaction time.
The peak at 2.47 min was most likely caused by contamination of the GC column caused by previous
measurements and insufficient flushing. It should be noted that as the intensity of the 1,1,2-TCA peak
at 2.95 min decreased, a new peak at 1.54 min developed, suggesting that the species responsible for
this peak was the result of 1,1,2-TCA degradation by peroxydisulphate. Despite the known issues to
identify compounds that show retention times within the range of the solvent front, this peak could
be assigned to dichloroethene (DCE, M = 96.95 g/mol), one degradation product of 1,1,2-TCA in the
dehydrochlorination pathway [47,48]. This finding clearly confirms the successful degradation of the
target contaminant by the peroxydisulphate intercalated Ca,Al-LDH.

Figure 8 shows the calculated 1,1,2-TCA concentrations in solution. Calculated contaminant
concentrations in the blank and experimental solutions are given in Table S5.

The decrease in the 1,1,2-TCA concentration in the experiment using MA–S2O8 showed no
significant degradation of the target contaminant as the 1,1,2-TCA loss was mainly caused by
evaporation. No degradation products were detected in the MS spectra. Contrary to the Ca,Al-LDHs,
no significant degradation of 1,1,2-TCA was observed for the magnesium containing counterpart
MA–S2O8. Quantitative calculations confirmed that less than 0.3% of the intercalated peroxydisulphate
reacted with the TCA. Further investigation needs to be carried out to study the reaction of MA–S2O8
with 1,1,2-TCA.

Results of the experiments using CA–S2O8 (Table S5) indicate a final 1,1,2-TCA concentration
in solution of 13.58% (0.054 mmol/L) using 2 g of the LDH and 14.11% (0.056 mmol/L) using 1 g of
the solid, after a total reaction time of 48 h, resulting in a total contaminant loss of 86.4% and 85.9%,
respectively. Considering a contaminant evaporation of 20.3%, calculated based on the blank solution
measurement, nearly 66% of the 1,1,2-TCA was degraded in 48 h. Total reaction times, estimated
by comparing the curve progression of the experimental solution with that of the blank solution,
varied regarding the amount of LDH used in each experiment; the reaction seemed to be finished
after 6 h using 2 g LDH and after 24 h using 1 g LDH. It was determined by quantitative calculations
that only 1.5% and 1.4% of the intercalated peroxydisulphate were reduced upon reaction with TCA
using 2 g and 1 g CA-S2O8, respectively. Considering the initial oxidant:TCA ratio, the reduction of
peroxydisulphate in these experiments was relatively small.
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Combining these results, it can be stated that the used contaminant was degraded by the
peroxydisulphate intercalated Ca,Al-LDH, as confirmed by the presence and evolution of the
degradation pathway metabolite cis−1,1,2-dichloroethene. Based on these results, peroxydisulphate
intercalated Ca,Al-LDH may have a large potential to be used for in situ chemical oxidation processes
addressing 1,1,2-TCA.

PXRD measurements were carried out on the reacted sample CA–S2O8 to examine the evolution
of the mineral phases due to the reaction of the LDH with 1,1,2-TCA. Figure 9 compares the diffraction
pattern of the reacted sample (bottom) with that of the freshly synthesised, unreacted sample (top).

Compared to the pattern of the raw material, the main peaks of the reacted sample slightly shifted
towards a larger ◦2θ, with a maximum peak at 11.25◦2θ, indicating a decrease in the interlayer spacing
of the reacted sample (7.9 Å). Furthermore, the evolution of new peaks and the simultaneous vanishing
of other peaks, which are present in the pattern of the raw material, imply the formation of new mineral
phases during the reaction of sample CA–S2O8 with the target contaminant. The PXRD pattern of
the reacted sample was evaluated using the International Centre for Diffraction Data (ICCD) mineral
database. Most of the peaks including the maximum peak at 11.25◦2θ (d-spacing of 7.9 Å) were
assigned to hydrocalumite (ICDD reference pattern 00–054–0851), a chloride intercalated Ca,Al-LDH
with the mineral formula [Ca4Al2(OH)12]Cl2•10H2O showing a main peak at 11.4◦2θ with an interlayer
spacing of 7.7 Å [31]. Corresponding peaks in the pattern are labelled using (+). The remaining peaks,
starting at 10.2◦2θ (8.7 Å) could be assigned to kuzelite, a sulphate intercalated Ca,Al-LDH with the



Minerals 2020, 10, 462 18 of 22

mineral formula [Ca4Al2(OH)12]SO4•6H2O (ICCD pattern 00–050–1607), which shows a main peak at
9.85◦2θ (9.0 Å) [32]. Peaks corresponding to kuzelite are labelled with (*).
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Figure 9. PXRD pattern of the reacted sample CA–S2O8 after experiments using 1,1,2-TCA (bottom)
compared to the pattern of the unreacted raw material (top). Peaks were labelled regarding their
assigned mineral phases; (+) hydrocalumite and (*) kuzelite.

The findings confirm the oxidation of 1,1,2-TCA by peroxydisulphate intercalated Ca,Al-LDH.
The initial interlayer anions oxidise the contaminant by releasing chloride ions into the solution
while the peroxydisulphate is simultaneously transformed into sulphate ions. This caused the
transformation of the peroxydisulphate intercalated LDH into kuzelite, a sulphate intercalated
LDH. The additional formation of hydrocalumite, a chloride intercalated LDH, was only possible due
to the dehydrochlorination of 1,1,2-TCA by the peroxydisulphate intercalated LDH.

4. Conclusions

Successful intercalation of permanganate and peroxydisulphate, respectively, in the interlayer of
Mg,Al- and Ca,Al-LDHs was attained. Co-intercalated nitrate species showed no negative influence
on the conducted experiments. The resulting structural parameters as well as the calculated chemical
formulas of the synthesised material are in good agreement with the values reported in the literature,
but for the peroxydisulphate intercalated Ca,Al-LDH sample, a lack in the target interlayer anion was
observed. Results of the particle size distribution measurements revealed an aggregation of the studied
LDHs upon synthesis and aging.

The permanganate-intercalated LDHs proved to be the most effective reactants for experiments
addressing trichloroethene and up to 60% of the initial contaminant concentration was removed
(HS-PTV-GC-MS measurements), most likely via dehydrochlorination. For permanganate-intercalated
Ca,Al-LDH, the results revealed no differences when using different initial amounts of oxidant, proving
that 1 g of the reactant is enough to degrade the initial contaminant concentration. Permanganate
intercalated LDHs showed a colour exchange from purple to red, indicating the reduction of the
intercalated permanganate upon reaction with TCE. Experiments addressing 1,1,2-trichloroethane
revealed that CA–S2O8 is by far the most effective sample. Up to 66% of the initially added contaminant
(0.4 mmol/L) was degraded as confirmed by HS-PTV-GC-MS measurements and dichloroethene,
one metabolite following the dehydrochlorination pathway, was formed and its abundance clearly
increased upon increasing reaction times.
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Intercalation of well-known and effective oxidising agents has no negative influence on their
potential to degrade the here studied contaminants. It can be assumed that the intercalation of the
oxidising agent enhances their stability and focusses their reaction onto the targeted contaminant.
This might be of interest for a potential use of the here studied LDHs in in situ chemical oxidation
processes addressing groundwater contamination by chlorinated organic solvents.

Changes in the mineral content upon reaction with contaminants leading to the formation of
hydrocalumite and kuzelite, both rare in nature but well studied as synthetic minerals, would not cause
any additional harm to the environment. The studied LDHs can degrade chlorinated organic solvents,
here trichloroethene and trichloroethane, without the risk of releasing high amounts of chlorides or
sulphates into the environment. In fact, once released into solution, ions are re-intercalated into the
structure of the LDH, leading to the transformation of the reactant.
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