
lable at ScienceDirect

Journal of Alloys and Compounds 843 (2020) 156007
Contents lists avai
Journal of Alloys and Compounds

journal homepage: http: / /www.elsevier .com/locate/ ja lcom
Saline slag waste as an aluminum source for the synthesis of
ZneAleFeeTi layered double-hydroxides as catalysts for the
photodegradation of emerging contaminants

L. Santamaría a, M.A. Vicente b, S.A. Korili a, A. Gil a, *

a INAMAT-Departamento de Ciencias, Edificio de los Acebos, Universidad Pública de Navarra, Campus de Arrosadía, 31006, Pamplona, Spain
b GIR-QUESCAT, Departamento de Química Inorg�anica e Universidad de Salamanca, 37008, Salamanca, Spain
a r t i c l e i n f o

Article history:
Received 21 January 2020
Received in revised form
29 May 2020
Accepted 7 June 2020
Available online 15 June 2020

Keywords:
aluminum industrial waste
Photocatalyst
Adsorption
Diclofenac
Salicylic acid
Hydrotalcite
Layered double hydroxides
Saline slags
* Corresponding author.
E-mail address: andoni@unavarra.es (A. Gil).

https://doi.org/10.1016/j.jallcom.2020.156007
0925-8388/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t

In this work, aluminum extracted from saline slag waste is valorized to create a layered double-
hydroxide series containing zinc and various proportions of aluminum/titanium. Materials were syn-
thesized by the co-precipitation method with an Me2þ/Me3þ molar ratio of 3:1 and tested for the
removal of diclofenac and salicylic acid from water under UV radiation. The incorporation of 5 wt% iron
by wet impregnation is evaluated. In addition, another series of zinc, aluminum/iron materials with and
without 5 wt% impregnated titanium are tested as catalysts for comparison. Structural characterization
and comparison of the two series was performed by powder X-ray diffraction (PXRD), nitrogen
adsorption at 77 K, scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and
temperature-programmed reduction (TPR) measurements. The uncalcinated samples had a typical
hydrotalcite structure with a high crystallinity; the presence of ZnO, ZnFe2O4 or Fe3O4 was found after
calcination. The specific surface areas of the dried samples ranged from 78 to 199 m2/g, being highest for
Zn6Al0.5Ti1.5. Overall, the results showed that the ZnAlTi series were more effective catalysts than ZnAlFe
for photodegradation of the emerging contaminants diclofenac and salicylic acid, under UV light at
298 K, considering two concentrations of the organic molecules (5 and 50 mmol/dm3).

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Recent progress in analytical methods and scientific instru-
mentation [1,2] in the field of emerging contaminants show that a
reliable approach to solving current water pollution problems
should be an environmental priority. In this context, one of the
family of materials that has received great attention lately as a
possible alternative to TiO2 is that of layered double hydroxides
(LDHs), which have proven to be effective in both adsorption [3,4]
and catalysis, more specifically photocatalysis [3,5e9]. LDHs, which
are also known as anionic clays, are synthetic minerals with a
structure similar to that of brucite (Mg(OH)2). Substitution of part
of the Me2þ ions by Me3þ generates a positive charge in the layers,
which is compensated by the inclusion of anions to give the general
formula [Me1-x2þMex3þ(OH)2]xþ(An�)x/n�mH2O, where A is the anion
intercalated in between the layers (usually CO3

2�). Their octahedral
framework confers LDHs with several characteristics that are very
useful for photocatalysis. For instance, Me2þ and Me3þ present in
the structure of LDHs are distributed in a uniform manner in the
hydroxide layers, thus meaning that the high degree of dispersion
of the transition metal octahedra enables electron transfer and
avoids the recombination of electrons and holes. Similarly, the
surface OH� groups of the brucite layers react with valence band
holes to yield hydroxyl radicals (�OH), which have a very high
oxidation potential and are considered to be an important inter-
mediate for photo-oxidation reactions [10]. Apart from the funda-
mental structure, several modifications have proven to be effective
for photodegradation. Thus, metal ion doping can give LDHs the
properties of doped semiconductors [11], and the combinationwith
TiO2 may enhance performance as a result of the surface OH�

groups [12,13]. LDHs contain two or more different metal ions and
the proportion between these metals can be controlled, as in doped
semiconductors, where a higher valent cation acts as dopant. The
presence of different transitionmetal ions enables LDHs to exhibit a
broad spectrum of photocatalysis properties. Thus, the combination
of metals such as CoCr, CuCr, ZnCr, ZnFe, ZnTi, MgCr, MgFe and NiFe
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leads to a photoresponse in these materials. The interlayer space
also plays an important role in improving the photocatalytic per-
formance as this space facilitates the reaction between the photo-
generated charge carriers and the reactant molecules. Finally, as
photodegradation is a surface phenomenon, a previous adsorption
process is advantageous to make the material more efficient [6,14].
LDHs can take up species by either surface adsorption or by the
“memory effect”, in other words reconstruction of the hydrotalcite
structure when suspended in water, although this structure is lost
after calcination. This uncommon layered structure, combined with
their straightforward synthesis, low cost and compositional flexi-
bility, has made LDHs one of the most promising alternatives to
TiO2 as photocatalysts in advanced oxidation processes.

The environmental problems surrounding the disposal of in-
dustrial waste, such as the leaching of hazardous heavy metals [15]
or the emission of particulate material [16], suggest that the valo-
rization of waste materials is the most appropriate method to
overcome these problems [17]. Only a limited number of methods,
including incineration, storage in landfills and security tanks, sta-
bilization, amongst others, are available for the treatment of haz-
ardous wastes. The best method, however, is valorization (either
total or partial) of its components. If these possibilities are not
applicable, the only option is storage in security tanks. In the pre-
sent work, a further step forward is proposed as the aluminum
present in the catalyst is obtained from a valorization process
developed by our group [4,18]. Saline slags are generated during the
secondary aluminum processing, i.e. the recycling of aluminum.
Their average composition includes mainly metallic aluminum,
several oxides and flux brines as principal components, with the
content of non-metallic products varying depending on the nature
of the material recycled [19,20]. As the difference in composition
makes it difficult to propose a standard recovery method, waste is
currently stored in controlled landfills. In this context, a few suc-
cessful valorization strategies have been described previously. For
example, Cocheci et al. [21] extracted zinc from zinc ash generated
during the hot-dip galvanizing process to form ZnAleCO3-LDH, and
Galindo et al. [22] synthesized MgAleCO3-LDH using aluminum
extracted from the waste generated in the tertiary aluminum in-
dustry. Similarly, both Murayama et al. [23], who synthesized
MgAleCO3-LDH from aluminum dross, and Kuwahara et al. [24],
who used blast furnace slags generated in the iron making process
to form CaAleCO3-LDH, tested their adsorption properties towards
arsenic and phosphate, respectively, and Das et al. [25] reported the
synthesis of LDH containing Mg, Al and Ti from titanium-rich
bauxite applied to the removal of fluoride and chromium (IV). All
these studies rely upon acid leaching to perform the extractions.
However, as LDH synthesis has to be carried out at a constant basic
pH of between 9 and 10, a more cost-effective approach may
involve basic extraction of the aluminum. To the best of our
knowledge, the photodegradation ability of such valorized LDHs has
never been tested as no further uses, other than for adsorption,
have been found.

Salicylic acid and diclofenac were chosen as emergent con-
taminants as they are the most widely consumed non-steroidal
anti-inflammatory drugs (NSAIDs). The high toxicity of diclofenac,
even at low concentrations, the low capacity of wastewater treat-
ment plants to retain it [26], and the detection of both salicylic acid
and diclofenac in drinking water are their main causes of concern in
this regard [27,28].

In this work, two series of ZneAleCO3 LDHs prepared using
aluminum obtained from the basic extraction of saline slags have
been tested for the photodegradation of diclofenac and salicylic
acid. Several different proportions of Fe3þ and Ti3þ/4þ were used to
dope (in the structure) or impregnate (on the surface) the LDHs.
One series consisted of ZneAlFeeCO3 LDH with various Al/Fe ratios
as Me3þ and impregnated with 5 wt% titanium (labelled as 5Ti/),
and the other series comprised ZneAlTieCO3 LDH with Al/Ti
various ratios and impregnated with 5 wt% iron (labelled as 5Fe/).

2. Experimental procedure

2.1. Materials

The materials used to synthesize hydrotalcites were Zn(NO3)2 �
6H2O (�98%, Sigma-Aldrich), Na2CO3 (�99.99%, Sigma-Aldrich),
TiCl3 (�12%, Sigma-Aldrich), Ti[OCH(CH3)2]4 (>97%, Sigma
Aldrich), Fe(NO3)3 � 9H2O (Riedel-deHa€en, >96%), and NaOH
(Panreac) for pH adjustment and aluminum extraction. Salicylic
acid (2-hydroxybenzoic acid, 2-(HO)C6H4COOH, � 99.99%, Sigma-
Aldrich) and diclofenac sodium salt (2-[(2,6-dichlorophenyl)
amino]benzeneacetic acid sodium salt, C14H10Cl2NNaO2, Sigma-
Aldrich) were also used as received.

2.2. Synthesis of hydrotalcite-like compounds

The material used in the present study was an aluminum saline
slag previously treated with hot water in order to separate the
soluble salts. The main characteristics of this slag waste were re-
ported previously [29]. This material was submitted to aluminum
chemical extraction, which was carried out using 2 mol/dm3

aqueous solutions of NaOH, for 2 h under reflux conditions, the
extracted aluminum subsequently being used to synthesize the
hydrotalcites [18]. Layered double-hydroxides containing
Zn6(AlFe)2 at various Al/Fe proportions and with a Zn2þ/Me3þ

molar ratio of 3:1 were prepared at a constant pH of 10 using the
co-precipitation method [18]. For the synthesis, 200 cm3 of a
0.75 mol/dm3 solution of Zn2þ and 0.25 mol/dm3 solution of
(Al3þ þ Fe3þ) were added dropwise to a stirred solution of Na2CO3
(0.2 mol/dm3). The resulting solid materials were separated by
filtration and washed with hot water to remove unreacted sub-
stances. The cakes obtained were dried at 333 K for 16 h, calcinated
at 673 K for 4 h to remove the anions from the interlayer, and then
impregnated with 5 wt% titanium (IV) isopropoxide. Another series
containing Zn6(AlTi)2 with various Al/Ti proportions and using TiCl3
as titanium source was also synthesized following the same pro-
cedure and impregnated with 5 wt% iron. Finally, all materials were
calcinated at 673 K for 4 h.

2.3. Characterization of the catalysts

The texture of the samples (0.4 g), previously degassed at 423 K
for 24 h at a pressure of less than 0.1 Pa, was analyzed by low
temperature nitrogen (Praxair, 99.999%) adsorption at 77 K using a
Micromeritics ASAP 2020 Plus adsorption analyzer. The amount of
nitrogen adsorbed at a relative pressure of 0.98 was used to esti-
mate the total pore volume (Vp) and the surface area of the samples
was calculated using the Brunauer-Emmer-Teller (BET) method.
The crystalline phases present in the samples were identified by
powder X-ray diffraction (PXRD) and patterns were obtained using
a Siemens D-5000 X-ray diffractometer with Ni-filtered Cu Ka ra-
diation (l¼ 0.1548 nm). Theworking conditions were 30mA, 40 kV
in a 2q range from 5 to 70� and a scanning rate of 2� (2q)/min.
Thermogravimetric measurements were performed using a Hi-Res
TGA2950 apparatus (TA-Instruments), heating from room temper-
ature up to 1173 K at a rate of 10 K/min under an air atmosphere
(60 cm3/min). Scanning electron microscopy (SEM) was used to
analyze themorphology of the samples (Phenom Pro X, Paralab). X-
ray photoelectron spectra (XPS) were recorded using a SPECS
Phoibos 150 1DDLD spectrometer equipped with an Al Ka source
(1486.7 eV). Temperature-programmed reduction (TPR) studies



Fig. 1. Powder X-ray diffraction patterns for non-calcinated samples (a: ZneAleFe; c: ZneAleTi) and after treatment at 673 K (b: ZneAleFe; d: ZneAleTi).

Table 1
Basal spacing, and c and a parameters for the non-calcinated ZnAlFe-LDH and
ZnAlTi-LDH samples.

Sample d(003) c (nm) d(110) a (nm)

Zn6Al2 0.761 2.278 0.153 0.307
Zn6Al1.33Fe0.66 0.739 2.233 0.154 0.307
Zn6Al0.66Fe1.33 0.766 2.289 0.154 0.307
Zn6Fe2 0.688 2.063 0.158 0.316
Zn6Al1.5Ti0.5 0.752 2.253 0.153 0.306
Zn6AlTi 0.757 2.275 0.153 0.307
Zn6Al0.5Ti1.5 0.761 2.281 0.153 0.307
Zn6Ti2 0.686 2.059 0.155 0.310

Fig. 2. Powder X-ray diffraction patterns for (a) ZnAlFe-LDH series impregnated w
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were carried out using a Micromeritics TPR/TPD 2900 instrument
under a total flow of 30 cm3/min of carrier gas (5% H2 in Ar) and a
heating rate of 10 K/min up to 1050 K. The samples (20 mg) were
first pretreated with N2 (Praxair, 99.999%) at a heating rate of 10 K/
min up to 473 K for 120 min. Water and other compounds that
might be formed during the metal reduction and precursor
decomposition were retained by a cold trap (isopropyl alcohol/
liquid nitrogen), thus avoiding possible interferences with the
measured signal.
2.4. Degradation procedure

The photodegradation of salicylic acid and diclofenac under
ultraviolet (UV) radiation was analyzed using the calcinated
ith 5 wt% titanium, and (b) ZnAlTi-LDH series impregnated with 5 wt% iron.



Fig. 4. DGT curves for the ZnAlTi-LDH materials.
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samples as catalysts. The process was carried out in a photon cab-
inet containing a 1 dm3 PhotoLAB Batch-L reactor (MPDS-Basis
system from UV-Consulting Peschl) with a 150 W medium-
pressure TQ 150Z1 Hg lamp (continuous spectrum, with mean
peaks at 366 and 313 nm) enclosed in a cooling jacket to maintain a
constant temperature of 298 K. A 700 cm3 solution of diclofenac at a
concentration of either 5 or 50 mmol/dm3 was mixed in the reactor
with the catalyst and stirred at 700 rpm and a concentration of 1.0
gcatalyst/dm3 under UV radiation. Samples were taken every 15 min,
filtered and the drug concentration measured using a UVevis
spectrometer (Jasco V-730) at its maximum adsorption wave-
length (276 nm). The same procedure and concentrations were
used for salicylic acid (lmax 297 nm). Adsorption tests, without
irradiation, were carried out for every experiment, and photolysis
tests, in the absence of a catalyst, were also performed.

3. Results and discussion

3.1. Characterization of hydrotalcites

The X-ray diffraction patterns of the non-calcinated samples
from series ZnAlFe and ZnAlTi are shown in Fig. 1a and c. These
aluminum-containing samples clearly exhibit a double layered
hydroxide type structure, which is less defined in Zn6Fe2 and
Zn6Ti2. All samples have a well-defined peak at 2q z 12� that
matches the (003) reflection and an interlayer distance character-
istic of hydrotalcite-like materials, in accordance with the results
reported by other authors [12,13,30e32]. If a 3R symmetry is
assumed [33], the cell parameters can be calculated applying the
Bragg equation [34] using the values for the (003), (006) and (110)
reflections to give c ¼ 3 [1/2 (d003 þ 2d006)] and a ¼ 2d110. The
values for c and a (see Table 1) show an opposite trend, with the
average metal-metal distance increasing as the interlayer distance
decreases. These results are in accordance with the radii of the
cations incorporated into the LDH as, for example, the ionic radius
of Fe3þ is larger than that of Al3þ [35]. The LDH structure disappears
after calcination of the samples at 673 K, leading to a zincite pattern
(ZnO phase) as well as to the possible presence of the zinc alumi-
nate spinel ZnAl2O4 (see Fig. 1b and d). Cheng et al. [36] found that
the layered structure of ZnAl hydrotalcites was preserved after
thermal treatment at 423 and 473 K, although the crystallinity was
lowered given the broadening of the lines and decrease in their
intensities. The LDH phase decreased and was replaced by ZnO and
ZnAl2O4 spinel phases as the calcination temperature increased. A
Fig. 3. SEM micrograph
similar loss of crystallinity and the appearance of ZnO at 473 Kwere
described previously by dos Reis et al. [37]. The preparation and
characterization of various ZnAl hydrotalcites have also been re-
ported by Carriazo el al [31]. After calcination at 773 K, these au-
thors found collapse of the layered structure and new diffraction
lines related to several metal oxides, including ZnO and the ZnAl2O4
spinel. The crystallinity of these oxides increased at calcination
temperatures higher than 773 K, as suggested by the higher in-
tensity and sharpness of the diffraction lines. A similar behavior
was also found by Hadnadjev-Kostic et al. [38]. As more iron is
incorporated into the samples, the peaks becomemore defined and
zinc iron oxide (ZnFe2O4) appears in the diffractogram [39]. In the
case of the samples synthesized in the presence of titanium, no
diffraction peaks corresponding to TiO2, ZnTiO3 or Zn2TiO4 phases
were observed [38,40e43], thus suggesting a possible high
dispersion of the oxides or a low crystallinity. These phases were
found by Seftel et al. [44] after thermal treatment at 873 K.
Impregnation of the samples with 5 wt% titanium did not signifi-
cantly change their structure, although low intensity anatase peaks
were observed for 5Ti/Zn6Al0.66Fe1.33 and 5Ti/Zn6Fe2 (Fig. 2a).
Similarly, impregnation of the ZnAlTi series with 5 wt% iron (pat-
terns shown in Fig. 2b) also led to the zincite structure. The addition
of iron cannot be observed in the patterns, although the peaks
s of Zn6Al1.33Fe0.66.
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formed are sharper and better defined after impregnation.
Although the PXRD patterns display a structural change in the

samples as a result of the calcination process, the SEM images of
sample Zn6Al1.33Fe0.66 after calcination clearly show differentiated
rose petal-like shapes (Fig. 3). The layered structure of the samples
is still preserved, as reported previously [45,46].

Thermogravimetric analysis showed the presence of five mass-
loss steps (see Fig. 4). The first two mass losses, between 298 and
423 K, are related to the loss of water (adsorbed on the surface and
located in the interlayer). The third step, centered at around 523 K,
is related to dehydroxylation and decarbonation processes,
whereas the following two steps, between 673 and 1123 K, have
low intensity and may be related to further decomposition of the
mixed oxides.

The adsorption-desorption isotherms for the non-calcinated,
calcinated, Ti-impregnated ZnAlFe-LDH and Fe-impregnated
ZnAlTi-LDH are presented in Fig. S1. All N2 adsorption isotherms
are type II in the IUPAC classification, where N2 adsorption does not
reach a plateau at high relative pressures. In all cases, the desorp-
tion branch leads to an H3 hysteresis loop, which may indicate
small, slit-shaped pores. The BET surface areas and total pore vol-
umes are shown in Table 2. For uncalcinated Zn6Me2 samples,
Zn6Ti2 had the largest BET specific surface area (184 m2/g), while
Zn6Al2 had the lowest (78 m2/g). Calcination at 673 K caused a
marked decrease in the BET surface area of some samples, with the
initial value decreasing by between 29% (Zn6Al0.66Fe1.33) and 57%
(Zn6Fe2). The BET surface areas for Zn6Al1.33Fe0.66 and Zn6Al2 were
not modified by the calcination process. Impregnation of the
samples with 5 wt% titanium or iron did not cause major changes in
the BET surface areas of the samples, with a small decrease in 5Ti/
Zn6Al1.33Fe0.66, from 112 to 109 m2/g, and small increases in the
other two samples (Zn6Fe2 from 53 to 55 m2/g and Zn6Al0.66Fe1.33
from 72 to 84 m2/g). In the case of the ZnAlTi-LDH series, all BET
surface areas were similar, with 5Fe/Zn6Ti2 having the smallest
value (71 m2/g).
Table 2
BET specific surface areas and total pore volumes for the ZnAlFe and ZnAlTi-LDH sample

Sa

ZnAlFeeLDH series Non-calcined samples Z
Z
Z
Z

Calcined samples Z
Z
Z
Z
5
5
5
5

ZnAlTieLDH series Non-calcined samples Z
Z
Z
Z
Z

Calcined samples Z
Z
Z
Z
Z
5
5
5
5
5

The H2-TPR profiles obtained for the calcinated ZnAlTi-LDH se-
ries are shown in Fig. 5a. Before iron impregnation, the Zn6Al2
sample did not give any strong signal, with only a small peak at
around 850 K that could be related to the reduction of Zn2þ to Zn0

as a result of the presence of amorphous ZnO and ZnAl2O4 [47].
When iron is added, two distinctive peaks, which are assigned to
different Fe3þ reduction steps, appear at 690 and 850 K. When pure
iron oxide is considered, Fe2O3 is reduced to Fe3O4 at around 850 K
and a second reduction peak, which combines the reduction of
Fe3O4 to FeO and to Fe0, appears at around 1000 K [48]. In the case
of ZnFe2O4, a direct reduction to Fe3O4 and then to FeO and Fe has
been suggested, with the presence of three reduction peaks [49].
ZnFe2O4 is more prone to be reduced as the presence of the semi-
conductor ZnO promotes the reduction of metal oxides [49,50], as
also reported in the case of Ni-Zn-Al [51] and FeeZneAl [39]
hydrotalcites.When iron is impregnated on Zn6Al0.5Ti1.5 and Zn6Ti2,
these peaks are not so easily observed and a wider peak seems to
overlap several reduction stages, in other words reduction of Fe3O4
to FeO occurs at a lower temperature, probably due to the smaller
particle size, lower cristallinity and, consequently, greater insta-
bility of the samples [52]. The H2-TPR profiles for the ZnAlFe-LDH
series are shown in Fig. 5b. H2 consumption increases with iron
content in the LDH, with the Zn6Fe2 signal having almost double
the intensity of that for Zn6Al1.33Fe0.66. The addition of titanium
onto the surface causes minor changes in the Zn6Al1.33Fe0.66 and
Zn6Al0.66Fe1.33 H2 consumption profiles, with the ZnFe2O4 reduc-
tion peak being less-well resolved, possibly because H2 has greater
difficulty in accessing ZnFe2O4 once the titanium has been
impregnated. In Zn6Fe2, however, the addition of titanium lowers
the temperature of Fe3O4 reduction from 959 to 750 K, and that of
ZnFe2O4 from 750 to 650 K. In the case of titanium oxide, a partial
reduction of Ti4þ to Ti3þ could occur in the temperature range
studied; this process has been reported to occur at 838 K [53]. As
described above, other reduction processes also occur at this tem-
perature, therefore it was not possible to differentiate which
s.

mple SBET (m2/g) Vp (cm3/g)

n6Al2 78 0.384
n6Al1.33Fe0.66 114 0.558
n6Al0.66Fe1.33 102 0.537
n6Fe2 124 0.497

n6Al2 77 0.348
n6Al1.33Fe0.66 112 0.640
n6Al0.66Fe1.33 72 0.307
n6Fe2 53 0.316
Ti/Zn6Al2 91 0.361
Ti/Zn6Al1.33Fe0.66 109 0.494
Ti/Zn6Al0.66Fe1.33 84 0.330
Ti/Zn6Fe2 55 0.291

n6Al2 78 0.384
n6Al1.5Ti0.5 152 0.640
n6AlTi 152 0.522
n6Al0.5Ti1.5 199 0.517
n6Ti2 184 0.497

n6Al2 79 0.345
n6Al1.5Ti0.5 100 0.522
n6AlTi 93 0.433
n6Al0.5Ti1.5 95 0.428
n6Ti2 95 0.375
Fe/Zn6Al2 79 0.509
Fe/Zn6Al1.5Ti0.5 81 0.474
Fe/Zn6AlTi 70 0.312
Fe/Zn6Al0.5Fe1.5 78 0.234
Fe/Zn6Ti2 71 0.286



Fig. 5. H2-TPR profile of (a) ZnAlTi-LDH and (b) ZnAlFe-LDH.

Table 3
Surface concentration (% atomic) and proposed elemental formula of the calcinated
compounds on the surface of the LDH.

Zn Al O Ti Fe Proposed formula

Zn6Al2 25.6 10.4 55.9 e e Zn6Al2.4
Zn6Al1.5Ti0.5 25 8.6 56 1.5 e Zn6Al2.1Ti0.4
Zn6AlTi 25.8 5.2 56.5 4.4 e Zn6Al1.2Ti1.0
Zn6Al0.5Ti1.5 26.8 3.1 55.1 5.9 e Zn6Al0.7Ti1.3
Zn6Ti2 26.5 e 56.1 9 e Zn6Ti2.0
5Fe/Zn6Al2 16.6 12.1 53.4 e 5.0 5Fe/Zn6Al4.4
5Fe/Zn6Al0.5Ti1.5 18.5 3.9 52.4 4.5 7.2 7.2Fe/Zn6Al1.3Ti1.5
5Fe/Zn6Ti2 19.5 e 53.0 7.1 8.4 8.4Fe/Zn6Ti2.2

Zn Al O Fe Ti Proposed formula
Zn6Al1.33Fe0.66 24.6 7.6 55.5 3.3 e Zn6Al1.8Fe0.8
Zn6Al0.66Fe1.33 29.5 3.6 56 5.3 e Zn6Al0.7Fe1.1
Zn6Fe2 34.1 e 53.5 6.6 e Zn6Fe1.2
5Ti/Zn6Al1.33Fe0.66 21.0 7.0 54.2 2.7 3.3 3.3Ti/Zn6Al2Fe0.77
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processes these signals correspond to.
X-ray photoelectron spectroscopy is a useful technique for

investigating the surface composition and chemical states of the
elements present on the solid samples. The surface concentration
and proposed elemental formulae for the calcinated compounds
present on the surface of the LDH can be found in Table 3. The O 1s
core level spectra of the samples for the two series are shown in
Fig. 6. The signal can be split into two peaks in all aluminum-
containing samples. The first peak (z530 eV) was attributed to
the lattice oxygen bound to metal cations of the structure (both
Zn6Fe2 and Zn6Ti2 samples have this peak exclusively), whereas the
second peak is found at higher binding energy (z531.5 eV) and can
be attributed mainly to hydroxyl groups, although a small per-
centage of this peak is associated with organic contamination and
chemisorbed water [54]. The presence of these hydroxyl groups can
benefit the photocatalytic process as they help to create hydroxyl
radicals (�OH) [53]. In all cases, the addition of 5 wt % of either Fe or
Ti favors the increase of oxygen bound to metal cations as Ti is
added as TiO2 and Fe as Fe3O4 (Fe2þ represents 33% and Fe3þ 66% in
the three samples).

3.2. Degradation and adsorption experiments

Photolysis experiments were performed with diclofenac and
salicylic acid, resulting in degradation percentages of 6% and 0%,
respectively. In the case of the adsorption experiments, the results
obtained indicate that this process is important in some cases, thus
meaning that each particular case should be discussed individually
to explain the photodegradation results.

3.2.1. ZnAlTi-LDH series with and without iron
The hydrotalcites with the composition ZnAlTi showed a higher

ability to degrade diclofenac and salicylic acid than their ZnAlFe
counterparts. The change in contaminant concentration in relation
to the initial concentrationwhen using 5 mM solutions of diclofenac
and salicylic acid and 1 g/dm3 of catalyst are plotted in Fig. 7a and c,
respectively. Zn6Al2 is much more effective at removing both drugs
than the other two samples (Zn6Ti2 and Zn6Al0.5Ti1.5). In order to be
able to discern the contribution of the catalytic process, the
adsorption capacity of these materials was also investigated under
the same experimental conditions. These results are included in
Table 4. From the diclofenac results, it can be seen that the
adsorption capacity decreases as the amount of Ti in the samples
increases. In the most favorable case (Zn6Al2), and for a concen-
tration of 5 mmol/dm3, 93% is adsorbed and in the worst case,
adsorption was null (Zn6Ti2). At a higher concentration (50 mmol/
dm3) the percentage adsorbed is lower. Under the conditions of
photodegradation, no differences were observed with respect to
the adsorption tests when the initial concentration was 5 mmol/
dm3, with the quantity of diclofenac eliminated increasing if the
concentration of 50 mmol/dm3 is considered. According to previous
studies from our research group, these series of hydrotalcites
adsorb less salicylic acid than diclofenac, and thus, in the case of
salicylic acid, there is a clear difference between the amounts
adsorbed and photodegraded, although no differences are observed
between the two concentrations (5 and 50 mmol/dm3). The differ-
ence between these materials is the Ti content and the degree of
crystallinity/laminar structure. Upon increasing the Ti content and
decreasing the degree of crystallinity/layered structure, the
adsorption capacity of these materials is also decreased. In this
case, a well-defined LDH structure favors the adsorption of these
contaminants.

When 5 wt% iron was incorporated by impregnation into the
surface of the materials (see Fig. 7b for diclofenac and 7d for sali-
cylic acid), the adsorption results for the two molecules using 5Fe/
Zn6Al2 are practically the same as those obtained without the
presence of impregnated Fe. In the case of 5Fe/Zn6Al0.5Ti1.5 and 5Fe/
Zn6Ti2, although the samples still had a percentage removal by
adsorption of less than 10%, their degradation performance
improved significantly, with removal percentages of more than
80%. The addition of 5 wt% impregnated iron has previously been
proven to improve salicylic acid degradation [52] by improving the
characteristic electron-hole recombination of titanium. It has been
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reported that the induced photoexcitation can cause charge
mobility and form photoactive defects in the case of LDH materials
[30,55], and that the number of photoinduced centers could
depend on the Me2þ/Me3þ ratio. Ni et al. [12] and Shao et al. [30]
found high photocatalytic performances for the degradation of
Rhodamine B and Methylene Blue on ZnTi-LDH materials synthe-
sized with a 3:1 M ratio. The presence of Fe3þ ions also played an
important role in the degradation of phenol [11] and azo dyes [56].
Our results show that the Fe3þ/Ti3þ system is active in the photo-
degradation of diclofenac and salicylic acid under UV light condi-
tions. As such, it is possible to propose a plausible
photodegradation mechanism, as shown in Fig. 8.
3.2.2. ZnAlFe-LDH series with and without titanium
Overall, this series was shown to be less effective than ZnAlTi.

The change in contaminant concentration in relation to the initial
concentration (50 mM) of diclofenac and salicylic acid in the pres-
ence of 1 g/dm3 of catalyst is shown in Fig. 9a and b, respectively. As
in the case of the lower concentration, Zn6Al2 and Zn6Al1.33Fe0.66
are much more effective at removing both contaminants than the
other two samples (Zn6Fe2 and Zn6Al0.66Fe1.33). The adsorption
capacity of these materials was also investigated under the same
Fig. 6. XPS O 1s spectra for the ZnAlTi-LDH series (a) Zn6Al2, (b
experimental conditions. These results are included in Table 5. The
results for diclofenac show that Zn6Al2 and Zn6Al1.33Fe0.66 remove
the 56% and 84% of the contaminant by adsorption. Zn6Fe2 and
Zn6Al0.66Fe1.33 do not result in adsorption or photodegradation. The
values for salicylic acid removal are 40% removal by Zn6Al2 and 59%
by Zn6Al1.33Fe0.66. The values for the total decrease of salicylic acid
are also higher, thus leading us to believe that some photo-
degradation occurs. As in the case of diclofenac, salicylic acid is not
adsorbed or degraded when Zn6Fe2 is used. The difference between
these materials is the Fe content and the degree of crystallinity/
layered structure. When increasing the Fe content and decreasing
the degree of crystallinity/layered structure, the adsorption ca-
pacity of these materials is also decreased. When 5 wt% titanium
was incorporated into the surface of the materials by impregnation
(see Fig. 9a for diclofenac and 9b for salicylic acid), the adsorption
results for the two molecules using this series of catalysts was
found to be practically the same as those obtained without the
presence of impregnated Ti. In the case of Zn6Al1.33Fe0.66, although
the addition of 5 wt% titanium prevents the contaminant from
being adsorbed slightly, this is compensated by a better degrada-
tion and overall reduction of the salicylic acid concentration by 80%.
Zn6Al2 was also impregnated with 5 wt% titanium, although this
) Zn6Al0.5Ti1.5, (c) Zn6Ti2 and (d) for the ZnAlFe-LDH series.



Fig. 7. Comparison of the evolution of the concentration of (a,b) diclofenac and (c,d) salicylic acid, with respect to the initial concentration, with irradiation time using (a,c) ZnAlTi-
LDH and (b,d) 5Fe/ZnAlTi as catalysts (5 mmolcontaminant/dm3; 1 gsample/dm3).
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only decreased the overall performance. In this case, the
improvement in the degradation capacity did not compensate for
the decrease in adsorption, and the concentration of diclofenac was
double that of Zn6Al2 after 60 min, thus highlighting the impor-
tance of iron in the degradation process.
Table 4
Diclofenac and salicylic acid removal by adsorption and photodegradation using ZnAlTi-

1 gsample/dm3,
5 mmol/dm3

Diclofenac

Sample Adsorption removal (%) Total eliminatio
Zn6Al2 93 91
Zn6Al1.5Ti0.5 70 69
Zn6AlTi 42 49
Zn6Al0.5Ti1.5 17 18
Zn6Ti2 0 0
5Fe/Zn6Al2 93 96
5Fe/Zn6AlTi 7 24
5Fe/Zn6Al0.5Ti1.5 0 94 (time:1500)
5Fe/Zn6Ti2 3 85 (time:1500)
1 gsample/dm3,
50 mmol/dm3

Diclofenac

Sample Adsorption removal (%) Total eliminatio
Zn6Al2 56 93
Zn6Al1.5Ti0.5 53 91
Zn6AlTi 16 58
Zn6Al0.5Ti1.5 6 0
Zn6Ti2 0 0
5Fe/Zn6Al2 93 99
5Fe/Zn6Al1.5Ti0.5 63 66
5Fe/Zn6AlTi 63 65
5Fe/Zn6Al0.5Ti1.5 0 8
5Fe/Zn6Ti2 0 5
The reusability of Zn6Al2 and 5Ti/Zn6Al1.33Fe0.66 was tested over
four cycles (see Fig. 10a and b). These data were also used to
investigate the kinetics of diclofenac degradation based on the
Langmuir-Hinshelwood model [13]:
LDH samples as catalysts.

Salicylic acid

n (%) Adsorption removal (%) Total elimination (%)
40 79
31 48
24 49
15 19
0 0
40 83
8 51
6 92 (time:1500)
8 80 (time:1500)
Salicylic acid

n (%) Adsorption removal (%) Total elimination (%)
40 65
24 66
32 51
0 0
0 0
40 53
30 32
25 32
5 15
1 10



Fig. 8. Schematic diagram showing the mechanism of the photocatalytic reaction
taking place on the surface of Fe/ZnAlTi-LDH materials.
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r¼ � dC
dt

¼ krKadC
1þ KadC

Equation (1)

where r is the degradation rate, C the concentration of the organic
compound, kr the intrinsic rate constant and Kad the adsorption
equilibrium constant. In the case of a low adsorption and concen-
tration of diclofenac, KadC can be ignored and r can be expressed as:

r¼ krKadC ¼ KappC Equation (2)

Setting from the initial conditions (t ¼ 0 and C ¼ C0):

ln
C0
C

¼Kappt Equation (3)

The first and second cycles for both samples presented a
Fig. 9. Comparison of the evolution of the concentration of (a) diclofenac and (b) salicylic
catalysts. (a,b: 50 mmolcontaminant/dm3; 1 gsample/dm3); c: 50 mmolcontaminant/dm3; 0.3 gsample

Table 5
Diclofenac and salicylic acid removal by adsorption and photodegradation using ZnAlFe-

1 gsample/dm3,
50 mmol/dm3

Diclofenac

Sample Adsorption removal (%) Total eliminat

Zn6Al2 56 93
Zn6Al1.33Fe0.66 84 94
Zn6Al0.66Fe1.33 1 7
Zn6Fe2 1 1
5Ti/Zn6Al1.33Fe0.66 69 96
5Ti/Zn6Al0.66Fe1.33 2 0
5Ti/Zn6Fe2 2 1
relevant amount of adsorption, thus making the assumption of
Equation (2) impossible and giving poor adjustments to the
pseudo-first-order kinetics of Equation (3). However, in the third
cycle, adsorption was responsible for less than 10% of the decrease
in diclofenac concentration for both samples. As such, the results
for cycles 3 and 4 fitted well to pseudo-first-order kinetics. The
reaction constant and t1/2 for both samples, and the good fit of the
results, are shown in Table 6. It can be seen that the Kapp for 5Ti/
Zn6Al1.33Fe0.66 (0.011) is almost twice that of Zn6Al2 (0.006).
4. Conclusion

The synthesis of hydrotalcite-type materials with the composi-
tion ZneAleTieFe in which the aluminum used has been extracted
from an industrial waste, namely a saline slag generated during the
recycling of aluminum, has been reported. The ZnAl material pre-
sents a typical hydrotalcite structure, the crystallinity of which
decreases as the amount of Fe or Ti increases due to partial sub-
stitution of Al. Thermal treatment at 673 K resulted in the forma-
tion of mixed oxides took place, with, ZnO, ZnFe2O4, Fe3O4, Fe2O3
and probably ZnAl2O4 being detected, depending on the composi-
tion of the sample. In all cases, the N2 adsorption isotherms at 77 K
were type II, and the BET specific surface areas were between 78
and 199 m2/g.

The calcinated hydrotalcites with composition ZnAlTi and
ZnAlFe have been studied as catalysts and catalyst supports, after
impregnationwith 5 wt% Fe or Ti, in the photocatalytic degradation
of diclofenac and salicylic acid, as examples of emerging contami-
nants, at 298 K and under UV light. The Fe/ZnAlTi catalysts showed
the best catalytic behavior, although it was difficult to distinguish
between the fraction removed by adsorption and the fraction
photodegraded. To try to solve this problem, consecutive photo-
degradation cycles, in which the catalyst saturated with the
acid, with respect to the initial concentration, with irradiation time using ZnAlFe-LDH
/dm3).

LDH samples as catalysts.

Salicylic acid

ion (%) Adsorption removal (%) Total elimination (%)

40 65
59 65
16 16
7 10
49 80
11 16
0 0



Fig. 10. Comparison of the evolution of the concentration of diclofenac with irradiation time after several cycling runs. (a) 5Ti/Zn6Al1.33Fe0.66, (b) Zn6Al2 (50 mmolcontaminant/dm3; 1
gsample/dm3).

Table 6
Pseudo-first-order kinetic parameters for diclofenac photodegradation.

Catalyst t1/2 (min) Kapp

5Ti/Zn6Al1.33Fe0.66 3rd round 56 0.011
4th round 74 0.010

Zn6Al2 3rd round 103 0.006
4th round 135 0.005
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pollutant molecule was used, were performed.
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