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Abstract: Aluminum from saline slags generated during the recycling of this metal, extracted under
reflux conditions with aqueous NaOH, was used in the synthesis of hydrocalumite-type solids with
the formula Ca2Al1–mFem(OH)6Cl·2H2O. The characterization of the obtained solids was carried
out by powder X-ray diffraction, infrared spectroscopy, thermal analysis, element chemical analysis,
N2 adsorption-desorption at −196 ◦C and electron microscopy. The results showed the formation
of Layered Double Hydroxide-type compounds whose characteristics varied as the amount of
incorporated Fe3+ increased. These solids were calcined at 400 ◦C and evaluated for the catalytic
photodegradation of ibuprofen, showing promising results in the elimination of this drug by advanced
oxidation processes. The CaAl photocatalyst (without Fe) showed the best performance under UV
light for the photodegradation of ibuprofen.

Keywords: hydrocalumite; aluminum saline slag recovery; photocatalysis; ibuprofen degradation

1. Introduction

Technological progress in recent years requires the use of increasingly sophisticated
materials for specific applications, and these materials must also be eco-friendly, avoiding
as much as possible the generation of polluting wastes. Aluminum is the second most
widely used metal in the world, after iron [1,2]. Its excellent properties make it an ideal
material for various sectors such as military, machinery, aerospace, building or food [3–6].
The combination of the Bayer and Hall-Héroult processes allows for obtaining aluminum
from natural bauxite, with the disadvantage of high electricity consumption and generation
of several wastes, including red mud. This is known as Primary Aluminum Production
(PAP) [2,4,6–10]. Another way to obtain it is Secondary Aluminum Production which is based
on the recycling of the metal. In this case, the process requires less electricity consumption
and the addition of salts (mainly NaCl and KCl) for melting the aluminum, generating
an important residue, known as Salt Cake or Saline Slags [2,4,6–10]. According to the
European Normative [11], salt cake is considered hazardous waste. Several valorization
procedures were proposed, among which the following stand out: (a) its direct use as
an adsorbent [12–14] or (b) extraction of aluminum [4,5,9] and its subsequent use in the
preparation of Al3+-based materials such as alumina [15], zeolites [7,16], or layered double
hydroxides (LDHs) [8,17–20], among others.

LDHs are a family of compounds whose structure is derived from brucite (Mg(OH)2)
and whose general formula is [M(II)1–xM(III)x(OH)2]x+[Ax/n]n−·mH2O (M(II) and M(III)
are divalent and trivalent cations and A is the interlayer anion) [21]. A large number
of divalent cations (Ni, Co, Cu, Mg, Ca or Zn) form LDH with several trivalent cations
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(Al, Fe, Cr, Y or Ga) [21], and the Li–Al LDH was also described [22,23]. Hydrocalu-
mite, Ca2Al(OH)6Cl·2H2O, belongs to the LDH family [21]. Among its most important
applications are: adsorbent [24], antacid [25], ion-exchanger [26], and basic heteroge-
neous catalyst [27–31]. We recently reported the preparation of hydrocalumite from saline
slags [8].

Ibuprofen (IBU) is a non-steroidal drug widely used as an anti-inflammatory, an-
tipyretic, and analgesic [32]. Its chemical structure consists of an alkylbenzene ring with
a carboxylic acid functional group, whose pKa is 4.8 [33]. The presence of IBU and other
pharmaceuticals and personal care products (PPCP) in surface waters was reported by
several authors, their elimination being not possible by classical biological treatments and
including these drugs among the emerging pollutants [34–44].

Advanced oxidation processes (AOPs), especially heterogeneous photocatalysis, are
presented as a promising technology for wastewater purification and treatment [36]. This
methodology achieves the degradation and/or mineralization of pollutants. Photocatalysis,
ozonation or the Fenton process are AOP [41]. Heterogeneous photocatalysis is a versatile
and environmentally friendly technique based on the use of light and a photocatalyst. Light
is used to activate the catalyst, which is a semiconductor that generates highly reactive
radicals that degrade the pollutant [41]. The par-excellence photocatalyst is titanium
dioxide (TiO2), while zinc oxide (ZnO), iron (III) oxide (Fe2O3) or vanadium (V) oxide
(V2O5) are also widely used [45–47]. The performance of the process can be improved by
dispersing the photocatalyst on a support such as mixed metal oxides (MMO) [48,49]. In
this sense, LDH can be excellent precursors of MMO by calcination through topological
transformation [21,47,50]. Di et al. have recently reported that bifunctional ZnFe-MMOs
prepared from LDH show high performance in IBU degradation under simulated solar
irradiation [51].

Although the Fe–Al substitution in hydrocalumites should be expected, to the best of
our knowledge, only a few works have explored the study of this type of LDH compound.
Thus, Phillips and Vandeperre have investigated the adsorption of nitrate, chloride and
carbonate by LDH-CaAlFe-type solids [52], while Lu et al. have applied these solids as
heterogeneous catalysts in the production of biodiesel from soybean oil by transesterifi-
cation reaction [53], and Szabados et al. have studied the preparation of LDH-CaAlFe
by a combination of dry-milling and ultrasonic irradiation in aqueous solution [54]. Al-
though some work was carried out using other LDH solids, mainly hydrotalcite-type
(an LDH family similar to hydrocalumite), hydrocalumite solids are very scarcely used
for investigating the degradation of emerging pollutants. Sánchez-Cantú et al. have
used hydrocalumite-type compounds as catalyst precursors in the photodegradation of
2,4-dichlorophenoxyacetid acid [55]. Thus, in this work, hydrocalumites with the theoret-
ical formula Ca2Al1−mFem(OH)6Cl·2H2O, incorporating variable amounts of Fe3+, were
prepared following the methodology recently reported by Jiménez et al. for the prepa-
ration of hydrocalumite from aluminum saline slags [8]. These CaAlFe hydrocalumites
were calcined at 400 ◦C and the resulting solids were used in the removal of ibuprofen,
evaluating their adsorption and catalytic photodegradation capacities. Therefore, this work
can be framed within the circular economy, as waste from aluminum recycling was used to
synthesize LDH-CaAlFe which, after being calcined at 400 ◦C, showed high efficiency in
the removal of ibuprofen by means of an AOP.

2. Materials and Methods
2.1. Materials

Aluminum saline slag was kindly supplied by IDALSA (Ibérica de Aleaciones Ligeras
S.L., Pradilla de Ebro, Zaragoza, Spain). NaOH (pharma grade), HCl (pharma grade, 37%)
CaCl2 (anhydrous, 95%), FeCl3·6H2O (97–102%) were from Panreac, while CaCl2·2H2O
(ACS 99–105%) was supplied by Alfa Aesar and ibuprofen sodium salt (98%) was supplied
by Sigma Aldrich, St. Louis, MO, USA. All were used as received, without any treatment.
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2.2. Preparation of CaAlFe Mixed Metal Oxides

The methodology recently reported by some of us in [8] to prepare hydrocalumite was
followed. Saline slags were ground and washed until obtaining a chloride-free solid, the
fraction smaller than 0.4 mm was extracted with NaOH, as reported elsewhere [9], and the
solution was treated with HCl to precipitate silicon-containing species as SiO2; addition of
CaCl2·2H2O and FeCl3·6H2O at pH 11.5 (fixed using NaOH) led to the formation of a pre-
cipitate, that was submitted to treatment under microwave (MW) radiation in a Milestone
Ethos Plus Microwave oven for 2 h at 125 ◦C, leading to the formation of hydrocalumite.
These as-prepared samples were named CaAl1–mFem, where m represents the amount of
Fe3+ incorporated into the hydrocalumite-type solid, as fraction of the trivalent positions.
In order to evaluate the photocatalytic activity, samples CaAl, CaAl0.90Fe0.10, CaAl0.80Fe0.20
and CaFe were calcined at 400 ◦C, this temperature was selected taking into account the
results shown by the thermal analysis of the solids and those reported in previous stud-
ies for hydrocalumites and hydrotalcites, as at this calcination temperature this sort of
solids exhibit the largest specific surface area values, while higher temperatures lead to
crystallization of the individual and mixed oxides [27,56–58]. For the calcined samples,
“−400” was added to the name of the samples, denoting the calcination temperature, in
Celsius. Considering hydrocalumite as the parent solid, it was doped by substituting Al3+

with Fe3+, in order to investigate the extent of the isomorphous substitution, and how the
increase in Fe content influenced the catalytic performance. Thus, samples with m = 0, 0.1,
0.2, and 1 were selected in order to evaluate their photocatalytic activity in the degradation
of ibuprofen.

2.3. Characterization Techniques

A Siemens D-5000 equipment was used to record the powder X-ray diffraction (PXRD)
patterns of the samples (λ = 0.154 nm Cu–Kα radiation, fixed divergence, 5◦–70◦ (2θ),
scanning rate 2◦ (2θ)/min, steps of 0.05◦, 1.5 s/step). The crystalline phases formed were
identified by comparison with the JCPDS-International Centre for Diffraction Data (ICDD®)
database [59].

The thermogravimetric (TG) curves were recorded in an SDT Q600 apparatus (TA
Instruments, New Castle, DE, USA) at a heating rate of 10 ◦C/min up to 900 ◦C and under
oxygen (Air Liquide, Madrid, Spain, 99.999%) flow (50 mL/min).

The infrared spectra, FT–IR, were recorded in a Perkin-Elmer Spectrum Two instru-
ment with a nominal resolution of 4 cm−1 from 4000 to 400 cm−1, using KBr (Merck, grade
IR spectroscopy, Kenilworth, NJ, USA) pressed pellets and averaging 12 scans to improve
the signal-to-noise ratio.

Element chemical analyses for several elements were carried out by Inductively Cou-
pled Plasma Optical Emission Spectrometry (ICP-OES) in a Yobin Ivon Ultima II apparatus
(Nucleus Research Platform, University of Salamanca, Salamanca, Spain).

N2 adsorption–desorption isotherms were recorded at −196 ◦C using a Micromeritics
Gemini VII 2390T. Prior to analysis, N2 flowed through the sample (ca 0.1 g) at 110 ◦C for 2 h
to remove weakly adsorbed species. Specific surface areas were calculated by the Brunauer–
Emmet–Teller (BET) method and the average pore diameter by the Barrett–Joyner–Halenda
(BJH) method [60].

Scanning electron microscopy (SEM) images were obtained using a JEOL IT500 Scanning
Electron Microscope at the Nucleus Research Platform (University of Salamanca, Spain).

2.4. Photodegradation Studies

The study of the catalytic performance of the solids was carried out on an MPDS-Basic
system from Peschl Ultraviolet, with a PhotoLAB Batch-L reactor and a TQ150-Z0 lamp
(power 150 W), integrated into a photonCABINET. Its spectrum is continuous, with the main
peaks at 366 nm (radiation flux, Φ 6.4 W) and 313 nm (4.3 W). For this purpose, 750 mL of a
solution of ibuprofen sodium salt in distilled water of concentration 50 ppm was introduced.
An amount of 0.75 g of photocatalyst was added and magnetically stirred in the dark for
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35 min to ensure the adsorption–desorption equilibrium [51], then the UV lamp was turned
on. For taking samples for analyses, the illumination was cut off and the suspension was
allowed to decant in order to reduce the losses of catalyst as much as possible. The samples
taken were filtered with a filter Macherey-Nagel CHROMAFIL Xtra PA-20/25 of 0.22 µm.
The solutions were analyzed by an ultraviolet-visible spectrophotometer coupled to a
computer with UV WINLAB 2.85 software, following the evolution of the absorption band
of ibuprofen at 222 nm. The reproducibility of the experiments was tested by duplicating
some experiments, the difference in the values obtained always being lower than 1%.

In order to determine the by-products generated during UV degradation, selected
solutions were analyzed after several reaction times by mass spectrometry (MS). The
equipment used was an Agilent 1100 HPLC mass spectrometer coupled to an ultraviolet
detector and an Agilent Trap XCT mass spectrometer. These analyses were performed
at the Servicio Central de Análisis Elemental, Cromatografía y Masas (Universidad de
Salamanca, Salamanca, Spain).

3. Results
3.1. Extraction of Aluminum

The aluminum content in the final extraction solution was 13,937 mg/L, while other
elements were not found. The extraction and synthesis conditions described in our previous
work [8,9] allowed us to obtain a pure aluminum solution, which was successfully used for
the synthesis of the doped hydrocalumite solids.

3.2. Characterization of the Solids
3.2.1. Hydrocalumite Type Solids

Figure 1A shows the diffractograms of the synthesized solids. All the diffractograms
showed the characteristic peaks of the hydrocalumite-type layered structure (ICDD card
01–072–4773). In an octahedral environment, the Fe3+ cation has an ionic radius of 55 pm
while Al3+ has a radius of 54 pm [61], the similarity in size between the two cations allowed
their isomorphic substitution in a similar system without important structural changes,
although as the amount of Fe increased, the crystallinity of the final solid decreased [18],
in spite of the fact that all the samples were submitted to a microwave aging process at
125 ◦C for 2 h. One of the peculiarities of hydrocalumite is its high degree of crystallinity
compared to other LDHs; this is due to the fact that the Ca and Al octahedra are not
randomly distributed in the sheets but are perfectly ordered due to the larger radius of
Ca2+ compared to Mg2+ [8,30,62–65]. On the other hand, the similarity of radii between
the divalent cation and the trivalent cation produces an increase in the disorder of the
octahedra in the sheets [62,65]. In hydrocalumite, the large size difference between Ca2+

(100 pm) and Al3+ (54 pm) [8,61] contributes to an increase in the degree of ordering of the
octahedra in the sheets [8,62,65]. As mentioned above, the radius of Fe3+ is slightly larger
than the radius of Al3+. When Al3+ is isomorphically substituted by Fe3+, the Ca2+/M3+

radius ratio decreases, which implies an increase in the degree of disorder of the octahedra
in the sheets with respect to hydrocalumite. Other phases were not detected by PXRD.

As described above, LDHs consist of [M(II)1–xM(III)x(OH)2]x+ octahedral sheets. In
the case of hydrocalumite, M(II) is Ca2+ and M(III) is Al3+, the main difference between
hydrocalumite with other LDHs is that the Ca and Al octahedra are not randomly arranged
but are ordered [30,63]. This higher order implies more intense and narrower diffraction
peaks than in other LDH, and peaks due to diffraction by planes (003), (006), (110) and
(009) are present in the diffractograms of both hydrocalumite and other LDHs [64,65]. As
shown in Figure 1A, the samples showed a clear preferred orientation, which coincided
with the direction of sheet stacking (crystallographic direction c), in agreement with the
high intensity of the (003) and (006) peaks. The main difference between the CaAl and
CaFe samples was observed in the (110) plane peak, this diffraction peak shifted to lower
diffraction angles when all Al3+ were replaced by Fe3+ (m = 1) (Figure 1B,C). The interlayer
spacing from the (110) diffraction peak allowed us to calculate the value of the lattice
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parameter a
(

a = 2d(110)

)
and from the (003) and (006) spacing values the parameter c

was calculated
(

c = 3/2[d(003) + 2d(006)

)
[62]. These cell parameters were calculated for

all the synthesized solids (Table 1); the literature reported that the a and c parameters
for hydrocalumite are 0.575 nm and 2.349 nm, respectively (ICDD 01–072–4773), while
for Ca2Fe(OH)6Cl·2H2O these parameters are a = 0.587 pm and c = 2.336 pm [65]. Cell
parameters of a varied between 0.574 and 0.586 nm in the prepared solids, all values of a
were found to be within the range of theoretical values reported in the literature. Although
the size difference between Fe3+ and Al3+ is very small, ionic radii 55 pm and 54 pm,
respectively, it affected the a parameter, which was larger when the trivalent cation was
entirely Fe3+ than when the trivalent cation was Al3+. Figure 2 shows the variation of
the a parameter with composition, as the amount of Fe3+ in the structure increased, the
parameter a also increased, according to Vegard’s Law. Thus, the amount of incorporated
Fe3+ could be estimated from the lattice parameter a determined by PXRD by the expression
y = 0.0012x + 5.742, where y represents the lattice parameter a and x represents the percent-
age of Fe3+ as a trivalent cation. On the other hand, lattice parameter c varied between 2.356
and 2.331 nm, very close to the expected value. However, a small decrease was observed as
the Fe3+ content increased. The lattice parameters a and c showed an opposite trend. The
parameter c depends on the charge, size and orientation of the interlayer anions [65,66]; in
this case, the interlayer anion was chloride; therefore, these small variations found could
be attributed to differences in the degree of hydration as shown in Table 1. Moreover,
due to the basic character of these solids, it was possible that they fixed atmospheric
CO2, incorporating traces of carbonate anion in the interlayer space, influencing on the
value of this parameter. The values of parameter c were similar to those reported in the
literature for Ca2Al(OH)6Cl·2H2O (ctheorical = 2.349 pm and cexperimental = 2.356 pm) and
Ca2Fe(OH)6Cl·2H2O (ctheorical = 2.336 pm and cexperimental = 2.331 pm).

Table 1. Parameters determined for the synthesized solids.

Sample a
(nm) *

c
(nm) **

Fe/M3+

(%) ***
Ca2+/M3+

Molar Ratio
D(003)
(nm)

D(001)
(nm)

SBET
(m2/g)

Average Pore
Diameter

(nm)

Hydration
Water (wt. %)

****

CaAl 0.574 2.356 0.00 2.05 37 82 12 8.7 12.3

CaAl0.95Fe0.05 0.575 2.354 5.91 1.96 33 66 15 9.2 12.9

CaAl0.90Fe0.10 0.576 2.354 8.87 1.83 38 45 13 6.2 12.1

CaAl0.80Fe0.20 0.576 2.355 19.77 1.83 32 60 20 8.2 15.7

CaAl0.60Fe0.40 0.577 2.350 38.71 1.90 35 21 22 8.9 11.9

CaAl0.40Fe0.60 0.579 2.346 60.68 1.54 34 21 28 9.0 11.7

CaAl0.20Fe0.80 0.582 2.341 82.65 1.26 33 26 32 8.2 11.5

CaFe 0.586 2.331 100 1.68 37 75 27 9.3 11.1

* a theorical hydrocalumite = 0.575 pm and aCaFe theoretical = 0.587 pm [65]. ** c theorical hydrocalumite = 2.349 pm
and cCaFe = 2.336 pm [65]. *** Percentage of Fe3+ occupying trivalent positions. **** End of the first mass loss (~200 ◦C).

The crystallite sizes of the synthesized solids along the packing directions (003) (d(003))
and (110) (d(110)) are also shown in Table 1. The crystal size (D) was calculated from
Scherrer’s equation (D = kλ

β cosθ ; k = 0.94; λ = 0.154 nm; θ = Bragg diffraction angle;

β =
√

B2 − b2; B = FWHM((hkl)) (rad); b = instrument width (rad)) [67]. The crystal size
along the sheet stacking direction (d(003)) remained practically constant, showing values
between 32 and 38 nm. However, in the (110) direction there was a decrease in the crystal
size as the amount of Fe3+ in the structure increased, except for the CaFe sample, whose
value approached that of the CaAl sample again.
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Sample 
a 

(nm) * 
c 

(nm) ** 
Fe/M3+ 
(%) *** 

Ca2+/M3+ Molar 
Ratio 

D(003) 
(nm) 

D(001) 

(nm) 
SBET 

(m2/g) 

Average Pore Di-
ameter 
(nm) 

Hydration 
Water (wt. %) 

**** 
CaAl 0.574 2.356 0.00 2.05 37 82 12 8.7 12.3 

CaAl0.95Fe0.05 0.575 2.354 5.91 1.96 33 66 15 9.2 12.9 
CaAl0.90Fe0.10 0.576 2.354 8.87 1.83 38 45 13 6.2 12.1 

Figure 2. Variation of parameter a with the amount of Fe3+ incorporated. Red points = experimental
values; Dashed line: straight adjustment.

Table 1 also shows the amount of Fe3+ present in the solids. All amounts agreed with
the theoretical amount of Fe3+ predicted from the composition of the original solutions.
Regarding the Ca2+/M3+ molar ratio, it moved away from the theoretical value of 2 for
Ca/Al hydrocalumite as the Fe3+ content increased.

Figure 3 shows the FT–IR spectra of the samples. There were few differences between
all the solids. All of them showed bands between 3600 and 3400 cm−1 that corresponded
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to the stretching vibration of the O–H bonds. The band at 3632 cm−1 was assigned to the
stretching vibration of the AlO–H bonds, while the band due to the stretching vibration
of the CaO–H bonds was located at 3471 cm−1. On the other hand, as the Fe3+ content
increased in the samples, a band appeared at 3591 cm−1, which could be assigned to the
stretching vibration of the FeO–H bonds [54,57]. In this zone, the bands corresponding
to the hydroxyl groups of the water molecules located in the interlayer space were also
found [54,68,69]. The band at 1615 cm−1 was due to the bending vibration of water, which
confirmed its presence in the interlayer space. The presence of CO3

2− ion was confirmed
by the band at 1414 cm−1. During the synthesis of the solids, special care was taken to work
in an inert atmosphere and decarbonated water was used to avoid the formation of calcite,
however, it was possible that the samples fixed atmospheric CO2 during their handling,
producing the incorporation of traces of carbonate. The band located at 1414 cm−1 increased
its intensity as the Fe3+ content increased, in such a way that for the CaAl sample this
band was practically not observed. The presence of CO3

2− in the interlayer space was
confirmed by the existence of bands at 1506 cm−1 and 870 cm−1 in the samples with higher
Fe3+ content (CaFe, CaAl0.20Fe0.80 and CaAl0.40Fe0.60) [31,70]. This seemed to contradict the
PRXD results, since the larger the size of the interlayer anion, the higher the value of the
reticular parameter c should be. The diameter of CO3

2− is 378 pm [61], while that of Cl− is
336 pm [61]; according to these values, the samples that present a band at 1414 cm−1 should
present a higher value of the reticular parameter c. However, according to the values in
Table 1, no increase in parameter c was observed with the presence of carbonate in the
samples, so the differences in parameter c observed can be attributed to small variations in
the degree of hydration of the anions located in the interlayer space. The carbonate may
then be adsorbed on the surface or even in the form of very small particles not detectable
by powder X-ray diffraction. The bands at 797 cm−1, 739 cm−1, 575 cm−1 and 421 cm−1

were assigned to M–O bonds, where M is Ca2+, Al3+ or Fe3+ [54,68,69,71].
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Figure 3. FT—IR spectra of the samples. Figure 3. FT—IR spectra of the samples.

The TG and DTG curves of the samples are shown in Figure 4, all of them were
very similar to each other, showing thermal decomposition processes characteristic of
LDH [26,66,72], as in all cases the phases identified by PXRD corresponded to LDH and
other phases were not detected. In all cases, three main mass loss steps were observed, with
a total mass loss between 28 and 36% (theoretical total mass loss for complete dehydra-
tion/dehydroxylation of Ca2Al(OH)6Cl·2H2O would be 32.1% and for Ca2Fe(OH)6Cl·2H2O
it would be 29.1%). The first one was located at a temperature between 140–150 ◦C, cor-
responding to the loss of hydration water located in the interlayer space or chemically
bound to LDH [26,66,72]. The second mass loss appeared close to 300 ◦C and corresponded
to the dehydroxylation of the layers. As the Fe3+ content increased, the temperature at
which the process took place decreased, from 328 ◦C for the CaAl sample to 270 ◦C for
the CaFe sample, which indicated that the Fe–OH bonds were weaker than the Al–OH
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bonds, which was in agreement with the FT–IR results. The third and last mass loss was
located close to 700 ◦C and could be associated with the decarbonization of the samples.
However, in our previous work, this last stage was shown to be compatible with the
elimination of a water molecule, thus completing the dehydroxylation process to form the
corresponding oxychloride [57]. In addition, in some samples (CaAl0.80Fe0.20 or CaFe) an
additional mass loss was observed at a temperature below 100 ◦C, due to the elimination
of physisorbed water [63,73]. Considering this thermal behavior, 400 ◦C was considered
the ideal temperature for the calcination of the solids.
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According to the IUPAC isotherm classification criteria [60], all synthesized solids
showed type II N2 adsorption isotherms (Figure 5). In addition, some of them showed a
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small hysteresis loop of type H3 after recording the desorption branch, which corresponded
to the presence of plate-like particle aggregates leading to slit-like pores [60]. All samples
presented low values of BET-specific surface area (Table 1), with a maximum of 32 m2/g for
sample CaAl0.20Fe0.80 and with an average pore width in the mesopore range. In general,
as the amount of Fe3+ in the solid increased, there was an increase in SBET values, although,
for values m ≥ 0.60, the increase in Fe3+ content did not cause an increase in SBET, with
CaAl0.40Fe0.60, CaAl0.20Fe0.80 and CaFe showing similar SBET values (all of them higher
than the those of the samples with lower Fe3+ content). This was in agreement with PXRD
data because as the Fe3+ content increased, the crystallinity of the samples decreased.
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3.2.2. Solids Calcined at 400 ◦C

Figure 6 shows the diffractograms of the samples calcined at 400 ◦C. With respect
to the LDH-type solids before calcination, the layered structure completely disappeared,
giving rise to the formation of amorphous mixed oxides. In the CaFe-400 sample, the
appearance of diffraction peaks corresponding to magnetite (Fe3O4, ICDD card 01–072–
6170) and hematite (Fe2O3, ICDD card 01–084–0311) phases was observed. In the samples
with lower Fe3+ or no Fe3+ content at all, no crystalline phases were observed.
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tion should remove part of the interlayer water, the calcination process did not produce 

Figure 6. X-ray patterns of samples calcined at 400 ◦C.

The FT–IR spectra of the samples calcined at 400 ◦C are shown in Figure 7. In the
samples with low Fe3+ content (CaAl-400, CaAl0.90Fe0.10 and CaAl0.80Fe0.20) a broad band
centered at 3565 cm–1 was observed, due to the stretching vibrational mode of the hy-
droxyl groups. This band was broad and presented a shoulder centered at 3428 cm−1,
being composed of the superposition of hydroxyl group bands coming from several
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environments [58]. The presence of water was confirmed by its bending band at 1624 cm−1.
On the other hand, the characteristic bands of carbonate appeared again at 1419 cm−1,
1496 cm−1 and 879 cm−1 [31,58,70]. This carbonate species may be formed during the
precipitation of the starting solid or adsorbed due to the basic character of the hydrocalu-
mites, in both cases by fixation of atmospheric CO2. Finally, the band located at 596 cm−1

as well as others located in the region between 800 cm−1 and 400 cm−1 (not labeled in
Figure 7) can be attributed to M–OH bonds, where M can be Ca2+, Al3+ or Fe3+ [58]. The
band at 814 cm−1 showed a shoulder on its left-hand side which could be attributed to
the presence of carbonate in the samples, and it can overlap with the band at 870 cm−1

with characteristics of the carbonate ion. However, this band was not present in the spec-
trum of the CaFe-400 sample, suggesting that it can be attributed to the Al–OH bond, but
band assignment in this region is complicated due to band overlapping and broadness of
the bands.
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Figure 8 shows the nitrogen adsorption–desorption isotherms of the solids calcined at
400 ◦C. All isotherms are type II, according to the IUPAC classification criteria [60]. Only
the CaFe-400 sample showed a type H3 hysteresis loop [60]. Although the calcination
should remove part of the interlayer water, the calcination process did not produce an
increase in SBET in the samples (Table 2), but a remarkable decrease, mainly associated with
the loss of the layered structure (vide infra). Thus, for example, for the café sample, the
SBET decreased from 27 m2/g to 16 m2/g under calcination, probably by the loss of the
layered structure and the formation under calcination of crystallites that may block access
to the porosity. On the other hand, the average pore width remained in the mesopore range.
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Table 2. SBET and average pore diameter of samples calcined at 400 ◦C.

Sample SBET (m2/g) Average Pore Diameter (nm)

CaAl-400 5 5.5

CaAl0.90Fe0.10-400 10 7.3

CaAl0.80Fe0.20-400 16 9.9

CaFe-400 16 10.1

Figure 9A,B show micrographs of the CaAl-400 sample. Aggregates of particles of
size 70–80 µm are observed, consisting of hexagonal plate-shaped particles characteristic
of LDH-type compounds [8]. However, unlike the uncalcined LDHs, the plate-shaped
particles were aggregated into larger particles, showing that the layered structure was
maintained at this calcination temperature [18,32,74]. However, sintering of the hexagonal
plate-shaped particles with each other was observed. On the other hand, Figure 9C shows
an SEM micrograph of the CaAl0.80Fe0.20-400 sample. Aggregates of the hexagonal plate-
shaped particles were observed, although of considerably smaller size (5–10 µm) than in
the case of the CaAl-400 sample and with an appearance of greater sponginess. Finally,
Figure 9D,E show two SEM micrographs of the CaFe-400 sample. In this case, aggregates
of particles with a spongy appearance were observed, totally different from those observed
in the CaAl sample. This spongy aspect could justify the higher SBET value for this solid.
In the SEM micrograph of higher magnification (Figure 9E), particles in the form of a
hexagonal plate remained, however, a higher degree of sintering for the CaAl-400 sample
was observed.
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Figure 9. SEM micrographs of samples calcined at 400 ◦C. (A,B) show micrographs of CaAl-400 sample.
(C) belongs to CaAl0.80Fe0.20-400 sample and (D,E) show SEM micrographs of CaFe-400 sample.

3.3. Photocatalytic Application

Figure 10 shows the photodegradation of ibuprofen by the action of ultraviolet light
in the absence and presence of LDHs calcined at 400 ◦C. Initially, the photodegradation
of ibuprofen was evaluated in the absence of catalyst (photolysis) observing that 78% of
the initial ibuprofen still remained after 152 min of irradiation with ultraviolet light in the
photoreactor, i.e., in the presence of ultraviolet light but without photocatalyst, 22% of the
initial ibuprofen was degraded, higher than the value reported in the literature [38]. When
calcined LDH was added, the removal of the contaminant by adsorption was evaluated.
For this purpose, the aqueous solution containing 50 ppm ibuprofen and 0.75 g of the
photocatalyst was kept under stirring in the dark, and samples were taken at 0, 5, 10, 15,
20 and 35 min, finding that there was no elimination of ibuprofen by adsorption during
this time. Subsequently, the ultraviolet light lamp was turned on and new aliquots were
taken at various times. The concentration of the contaminant rapidly dropped to ca. 24%
of the initial concentration after 42 min switching on the lamp (T77, total time 77 min, 42
from the beginning of photocatalysis) with all the photocatalysts used. Up to this point, no
major differences were observed in the percentage of ibuprofen degraded depending on the
photocatalyst used; however, after this time of contact, the photocatalyst did not contain
Fe3+ (CaAl-400) showed higher degradation percentages. Thus, 152 min after the lamp was
switched on, the percentage of the initial ibuprofen remaining in the solution was only 4.7%
for the CaAl sample and between 13% and 17% for the rest of the samples, those containing
Fe3+. Thus, for long times CaAl-400 photocatalyst showed the best performance and the
presence of Fe3+ caused a low negative effect, this may be due to the formation of oxides or
mixed oxides of Ca2+, Fe3+ and Al3+ which did not possess photocatalytic properties, even
though some of the properties of the photocatalysts were improved, such as SBET which
increased with increasing the Fe3+ content. This behavior is similar to that reported on
LDH-ZnFe systems, also calcined at 400 ◦C [51], in which ibuprofen degradation improved
as the Zn/Fe ratio increased.

As indicated above, the photocatalyst obtained by calcination of LDHs at 400 ◦C
that showed the best performance was CaAl-400; Figure 11A shows the ultraviolet-visible
spectra of the aliquots taken at different times when this catalyst was used. During the
“adsorption experiment”, before the lamp was switched on (35 min) there was no variation
in the characteristic band of ibuprofen at 222 nm [38,75], while after switching on the UV
lamp the intensity of this band decreased, denoting photodegradation. Moreover, already
for times T42 and T48 (7 min and 13 min after turning on the UV light, respectively), a
new band appeared at 259 nm. This band may be due to the formation of a by-product of
the degradation of ibuprofen; this band disappeared at longer times, indicating that this
temporary intermediate was also photodegraded. For the rest of the photocatalysts, and
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also in the photolysis experiment, the evolution of the spectra was similar to that shown
for the CaAl-400 sample.
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According to the most recent literature [40,44], the main photodegradation metabolites
generated in the removal of ibuprofen by chemical methods (AOPs) were: 4-isobutylphenol
(C10H14O), hydratropic acid (C9H10O2), 4-(1-carboxyethyl)benzoic acid (C10H10O4),
4-ethylbenzaldehyde (C9H10O), 2-[4-[4-(1-hydroxy-2-methylpropyl)phenyl] propanoic acid
(C13H18O3), 1-(4-isobutylphenyl)–1–ethanol (C12H18O), 4-acetylbenzoic acid (C9H8O3),
1-isobutyl-4-vinylbenzene (C12H16) and 4-isobutylacetophenon (C12H16O). However, none
of these metabolites were identified in the present work. As indicated, the spectrum of
ibuprofen only showed the absorption maximum located at 222 nm (Figure 11B), but al-
ready for the aliquot taken 7 min after starting irradiation (T42) an absorbance maximum
at 259 nm was observed, and at the same time the HPLC–MS analysis showed the pres-
ence of two compounds: C13H18O2 (ibuprofen) and a compound with formula C13H18O4.
This compound may correspond to a hydroxylated derivative of ibuprofen formed by a
mechanism involving •OH radicals. In fact, the literature has listed various hydroxylated
by-products in the photocatalytic degradation of ibuprofen [38,40,44,76,77], but the forma-
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tion of one or another by-product is not clear and depends on the photocatalyst used. The
band at 259 nm decreased as the irradiation time with UV light increased (Figure 11), so
that for an irradiation time of 152 min this band practically did not exist and neither did the
ibuprofen band, suggesting the disappearance of the aromatic ring. The aliquot of sample
T187 was also analyzed by HPLC–MS, again finding a compound of formula C13H18O4 and,
although its concentration could not be quantified, both UV–Vis and HPLC–MS indicated
a clear decrease in its presence from T42 to T187 aliquot. However, this did not mean
that ibuprofen was completely and safely mineralized, as non-aromatic by-products may
still remain in the solution. In this regard, further studies are required in order to better
understand the performance of hydrocalumite-type solids and the reaction mechanism,
also analyzing the mineralization of the pollutant by analysis of the total organic carbon.

4. Conclusions

Hydrocalumite LDH of formula Ca2Al1–mFem(OH)6Cl·2H2O were synthesized by
the coprecipitation method, using as a source of aluminum one of the most hazardous
wastes generated during aluminum recycling. The slags were treated in a basic medium
under reflux conditions and the extraction solution was used as an aluminum source. The
solids synthesized by the coprecipitation method were submitted to a microwave treatment
at 125 ◦C for 2 h. In all cases, the corresponding LDH was obtained, the crystallinity
decreasing as the Fe3+ content in the final solid increased, and the 110 diffraction peak
shifted towards the lower two values. The lattice parameter a, determined from the (110)
diffraction peak spacing, correlated with the amount of Fe3+ incorporated into the LDH,
obeying Vegard’s law. In spite of working in an inert atmosphere and using decarbonated
water, the FT–IR results showed the presence of carbonate in the solids, due to the fixation of
atmospheric CO2 by the samples, due to their high basic character. As the amount of Fe3+ in
the solids increased, the SBET increased and the degree of hydration of the LDH decreased.

When LDH was calcined at 400 ◦C, a mixture of non-crystalline oxides was obtained,
without crystalline phases, except in the CaFe-400 sample, where small diffraction peaks
corresponding to hematite and magnetite were observed. The FT–IR results showed the
presence of carbonate ions, possibly coming from the fixation of atmospheric CO2, as well
as the permanence of physisorbed water. The SBET of the solids calcined at 400 ◦C was
hardly modified for the samples with null or low Fe3+ content. However, for the CaFe-400
sample, a decrease in SBET was observed.

The photocatalytic performance of the calcined solids was evaluated in the removal
of ibuprofen. All the catalysts employed facilitated the degradation of this pollutant.
However, as the Fe3+ content in the solid increased, the catalytic performance decreased.
The catalyst that showed the best results was CaAl-400. In the same way, the HPLC–Mass
and UV–Vis analyses of the aliquots taken at different times showed only the presence of
a di-hydroxylated derivative, besides ibuprofen. This by-product reached its maximum
formation after 7 min of irradiation, subsequently, it also degraded, although was still present
in the solution after 152 min of irradiation with UV light. No other characteristic by-products
of ibuprofen degradation were identified. More studies are required in order to investigate
the effect of other parameters such as catalyst dosage, pH, etc., and mainly to elucidate the
performance of hydrocalumite-type solids and the photodegradation mechanism.
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