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ABSTRACT

This work presents the synthesis of éCo, Mg, Ni and Zn)/Al layered double
hydroxides (LDH) with a 3:1 molar ratio by the crepipitation method Structural
characterization and comparison of the series @éas Achieved using powder X-ray diffraction
(PXRD), scanning electron microscopy (SEM), nitnogehysisorption at 77 K,
thermogravimetry measurements (TGA), temperatuogipmmed reduction (TPR), X-ray
photoelectron spectroscopy (XPS), ammonia tempergiogrammed desorption (NHPD)
and point of zero charge (pHpzc). Batch experimesmt® performed to analyze the adsorption
capacity of the different LDH on diclofenac andisdic acid, as example of emergent
pollutants The pH, mass of adsorbent, contact time and coratemt of pollutant were the
parameters used to compare the adsorption perfaerarthe synthesized materials. Samples
showed different behavior and the equilibrium weached at different times, NRj. and
ZnsAl 2 showed lower equilibrium times but had higher apson capacity. Various adsorption
and isotherm equation models were employed to dtotly the kinetic and equilibrium results
and, in general, the removal of diclofenac was tgrethan that of salicylic acid. 1-Butanol
conversion was also used as a means of aciditypasidity characterization and the results
were compared with the adsorption performance @fstimples in order to explain the results
found. A relationship between the amount of pohitgaadsorbed and the butenes formed in the

dehydrogenation reaction of 1-butanol was found.
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1. Introduction

Even though priority pollutants are still the mdotus in wastewater treatment, an
increasing attention is being given to unregulagsderging contaminants. This type of
compounds (which range from pharmaceuticals, hoes@and steroids to flame retardants,
gasoline and industrial additives) have undesiféects on the environment and need to be
monitored in the near future [1]. Several techngjaan be applied and membrane processes
[2], adsorption [3] and photocatalysis [4] have b@eoven to be amongst the most effective
[5]. All of them having pros and cons adsorptioong of the most studied due to its rapid pace
and low energy consumption. Even if different allsats such as active carbons [3], zeolites
[6] or metal organic frameworks [Blave been studied in the past, a new trend tovegedser
adsorbents [5][6] or, like in this study, integratihazardous waste remediation, seems to be

congruent.

The secondary aluminum smelting process generatesug types of wastes of which the
largest, in % by mass, are saline slags. Catalogsé@dzardous wastes in European Waste List
[7], they are generated because salts are addepdet@nt oxidation, enhance the thermal
efficiency of the process and scatter the oxidesgnt in the smelting furnace [8]. Saline slags
have a significant economic value. Alas its recmgeiprocess is not cost-effective and the
wastes are currently stored in controlled landflsonce its metal fraction has been separated.
However, aluminum saline slags, as a mixture oflesj can be used for direct applications
such as road paving or inert filling for constroatior even recovered as a high-value product
and used to synthesize salts or alumina [10].ihgtudy, aluminum extracted from saline slags

was used to synthesize layered double hydroxides.

Layered double hydroxides (LDH), also known as aiti@lays, are compounds with a
structure based on that of brucite [Mg(GQHyith the substitution of some Mefor Me** which
creates a positive charge that is balanced by thsepce of anions in the interlayer. The
possibility of varying the identity and the relatiproportions of the M& Me** and the anions
in the interlayer shapes the LDH group, which fakothe general formula [M&.
«Me3(OH) ] [A™wnyH20. LDH is naturally formed and has a Mg/Al ratio f(x=0.25)
although ratios between 2 and 4 (0.2 < x < 0.38¥@und in synthetic samples. Several studies
have been completed to define the limits of whigtahions can form LDH such as ionic radii
[11], solubility products [12] or thermodynamic facs [13]. The most commonly used e
cations are Co, Cr, Cu, Mg, Mn, Ni and Zn; Al areddfe usually the Méand the most frequent

anion is CG@*. LDH can be calcined to extract the water andm@siaf the interlayer and form



mixed metal oxides (MMO). These MMO have multipfgkcations primarily as adsorbents
[14] and catalysts [15]. MMO can have the abilgy@cover their previous LDH structure when
in contact with water of whom hydroxides serve @®pensating ions, in the so calle@mory

effectwhich can be used to trap different anions initiberlayer space.

Nonsteroidal anti-inflammatory drugs (NSAIDsS) armaexging contaminants and over-
the-counter pharmaceutical compounds used to rgohiog decrease fever and inflammation.
Their high consumption rates together with the ilitstoof waste-water treatment plants to
efficiently remove some of them have pointed thewmh as excellent chemical markers of
wastewater contamination [16]. Salicylic acid eféeon the environment have been studied
with different results [17][18][19][20] and althohgn general it has good removal percentages,
it is usually present in surface waters [21]. Dielac, with a more acute ecotoxicity and lower
removal rates in wastewater treatments, has beenporated into the European Commission's

watch-list of substances for monitoring in thedielf water policy 2015/49 [22].

In this work LDH with various M& (Co, Mg, Ni and Zn) and aluminum extracted from
saline slags as Mg (with a 3:1 Mé":Me** molar ratio) were synthesized by a modified co-
precipitation method. These synthesized and caldiidH were then studied as adsorbents of
diclofenac and salicylic acid, as representativeypaunds of emergent pollutants. Special
attention was given to the characterization of amd basic sites of the calcined LDH to

tentatively explain the adsorption performanceetfydrated LDH.

2.  Experimental procedure

2.1 Materials

The materials used for the synthesis of hydroedoere: Co(Ng). « 6H0 (Panreac:
98%), Mg(NQ). « 6HO (Sigma-Aldrich,> 99.99%), Ni(NQ)2 « 6HO (Panreacz> 98%),
Zn(NQGs)2 * 6H0 (Sigma-Aldrich,> 98%), NaCOs (Sigma-Aldrich,> 99.99%), HNQ@ was
used for pH adjustment and NaOH (Panreac) for pbithdjustment and aluminum extraction.
1-butanol (Rothz 99.95%), ammonia (Air Liquide, 99.995 %), heliubrgxair, 99.999%) and

nitrogen (Praxair, 99.999%) were also used.

The following adsorbates were used without any fication: salicylic acid, (2-
hydroxybenzoic acid, 2-(HO¥EI4COOH,> 99.99%, Sigma-Aldrich) and diclofenac sodium



salt (2-[(2,6-dichlorophenyl)amino]benzeneacetid aodium salt, &H10CI2NNaG;, Sigma-
Aldrich).

2.2 Hydrotalcite-like compounds synthesis

The aluminum used was extracted from saline slagsguthe procedure previously
reported [23]. The aluminum concentration in thiuson was determined by ICP-OES and
found to be 6.15 () 0.14 g/L.

Layered double hydroxides were synthesized by afradao-precipitation method with
a molar ratio M&"Al3* of 3:1. Four samples were synthesized using camalgnesium, nickel
and zinc as M&. As an example, solutions 0.0266 mol/L of Zn@Ed 6H.0 and 0.080 mol/L
of aluminum were added dropwise to a 0.015 mollutsan of Na&COg; the final volume was
400 mL. Both NaOH and HNfwere used to adjust the pH to 10. The mixture stamsed at
333 K and 500 rpm for 1 h and then aged for 24he SJlurries obtained in the washing water
were then centrifuged (8000 rpm) and washed setiarak until a pH of 7 was obtained. The
samples were then dried for 16 h at 353 K, manuaiynded with a mortar and calcined for
4 h at 673 K (LDH with Mg was calcined at 823 Kargples were named as d8t», MgsAl 2,
NigAl2 and ZrAl>, respectively.

2.3 Characterization techniques

Powder X-ray diffraction (PXRD) patterns were measduat room temperature with a
Siemens D-5000 X-ray diffractometer using a Niefitd Cu ki radiation {=0.15418 nm) in a
26 range from 5 to 70° and a scanning rate of 0.8Y/rf#in. The X-ray source was working

with 40 kV of voltage and a current of 30 mA.

The morphology of the samples was analyzed by segrelectron microscopy (SEM)

on a Phenomenom World, XL operating at 15 kV.

N2 physisorption was performed at 77 K with a Microities ASAP 2020 Plus
adsorption analyzer. The samples (0.4 g) were dedasnder vacuum before measurement at
423 K for 24 h. The specific surface ar&eef) was evaluated by the BET method in the range
between 0.05-0.20 of relative pressure. The extesndace areaSx) and the micropore
volumes Yup) were also estimated using thplot method.



The thermogravimetric measurements (TGA) were edrdut in a Hi-Res TGA2950
apparatus (TA-Instruments). The samples were hagigdom room temperature to 1173 K

with a 10 K/min heating rate under a dry air atnt@sp (60 mL/min).

Temperature-programmed reduction (TPR) studies wertarmed on a Micromeritics
TPR/TPD 2900 instrument under a 30 mL/min flow &6 b, (H2/Ar, Praxair) carrier gas. A
cold trap was used to retain compounds formed duitie precursor decomposition, thus

avoiding possible interferences with the measuigbs

X-ray photoelectron spectroscopy (XPS) analyseswarried out on a SSX 100/206
spectrometer for Surface Science Instruments (USajpped with a monochromatized and
microfocused Al X-ray source (powered with 20 mAdatD kV). The pressure within the
analysis chamber was about®l®a. The zone analyzed was about 1.4 namd the pass energy
was set at 150 eV for the general spectra and aV30r the elementary spectra. An electron
gun set at 8 eV and a nickel grid placed 3 mm allogesurface of the samples were used to
stabilize the charge. The surface adventitiousarafieak, C 1s at 284.8 eV, was used as a
reference for all the binding energies. When rexfljirspectra were decomposed with the
CasaXPS program (Casa Software Ltd., UK) with asSam/Lorentzian product function after

subtraction of a nonlinear baseline.

NHz adsorption and subsequent temperature-programnempden (NH-TPD) were
carried out in a Hiden CATLAB-PCS combined micrarea and mass spectrometer (MS)
system equipped with a quadrupole. Three steps fokogved to perform the experiments: (1)
stabilization of a flow of pure Ar (30 mL/min) a3 K for 25 min in order to check the
sensitivity factor of Ar and therewith to determitiiat of NH during the later TPD (through
the previously calibrated Ar/Ndsensitivity factors ratio) and subsequent heatrgiit3 K (still
under 30 mL/min of pure Ar); (2) adsorption of Nt 423 K for 1.5 h from a 95:5 Ar/NHow
(25 mL/min) mixed with a flow of pure Ar (5 mL/min§3) flush at 423 K under pure Ar (30
mL/min) for 2.5 h in order to eliminate physisorid¢t;and subsequent TPD from 423 to 923
K (10 K/min, still under 30 mL/min of pure Ar) inrder to desorb chemisorbed NHhe
amount of NH desorbed allows the number of acid sites to beutatked, the desorption

temperature reflects the strength of these sites.

The point of zero charge was determined with theaghlition method. A 0.01 mol/L
NaCl solution was used as background electrolytebagkground solution (50 mL) was

apportioned into various flasks kept in series witlreasing pH values from 2 to 12. 0.15 g of



adsorbent was added to all these flasks and thigeha pH of each solution was recorded after
shaking the samples for 48 h. This change in pHpd@ted against the initial pH values on the
graph, and the PZC was identified as the pH whex=0.

2.4.1 Butanol conversion procedure

The dehydration and dehydrogenation reactions wasmged out in a two-reactor system,
one used as a blank with only glass balls insi@® (6 800 pum) and the other with 180 mg of
catalyst mixed with glass balls up to a bed heigh® cm and extra 0.5 cm of balls to
homogenize the gas input. Before the reaction,lysitawere sieved, and the particle size
fraction of 100-200 um was used. The reactor wasaadl in a vertical furnace with temperature
control. The real reaction temperature was meashyed thermocouple situated near the
catalyst, in the middle part of the reactor. Sanppétreatment was made at 473 K for 2 h under
a nitrogen flow (30 mL/min). After the pretreatmehe reactor was heated to 373 K and
nitrogen was saturated with 1-butanol vapor (Ret#9.95%). The 1- butanol temperature was
337.75 K to obtain a 10% of butanol in the flow. gi@vent the condensation of 1-butanol or
reaction products, all lines from the saturatoth® chromatograph were heated at 373 K. A
first series of 6 chromatograms was performed dwetblank reactor and then changed to the
sample reactor to perform 6 chromatograms eveg 50m 373 K to 723 K. Unconverted 1-
butanol and the dehydration and dehydrogenatiomlymts were analyzed by a Thermo
Scientific Trace 1300 gas chromatograph, equippid & FID detector. A 30m*0.32 mm,
0.25um (Stabilwax) capillary column was used fa skparation of the various compounds. In
addition, a Hayesep column (N 60-80, 0.25m*1/16") 88h a TCD detector was used to
quantify the nitrogen. The estimation of the iditantents of both nitrogen and butanol were
made from the intensities measured in the blangrnatograms and, in the next steps, the other
components signals were normalized to that of ggnoThe conversion (%) was defined as the
ratio of the amount of converted butanol to the am@f butanol detected by the blank reactor.
The selectivity for each product (%) was defined as

uantity of product * correction factor
Selectivity (%) = d yo/p f

(butanol initial quantity * conversion %)



The correction factor was calculated from calilmatand taking into account the number
of carbons of the product.

2.5 Adsorption procedure

The adsorption isotherms of diclofenac and salicgliid were determined under batch
adsorption experiments. The selection of the iipihwas made by adjusting the drug solutions
(50 umol/L) to a range of several pHs from 2 to 12 bygiad HNO; or NaOH. 10 mg of the
adsorbent were added to the beaker and shakerhfat 298 K. The drug concentration in the
filtered solutions (0.45umol, Durapore) was determined by Jasco V-730 UV-Vis
spectrometer. Maximum adsorption wavelengths usaé &76 nm for diclofenac and 297 nm
for salicylic acid.

The kinetic tests were performed to study bothetifiect of the adsorbent dose and drug
concentration. The adsorbent dose was examinedihg warious amounts of adsorbent (15,
30 and 60 mg) in a 150 mL solution with a drug @rication of 75umol/L. Samples were
shaken in a stirring plate throughout the duratbrnhe experimentsThe effect of the drug
concentration was studied by adding 30 mg of theodmbnt to solutions with several drug
concentrations (25, 50 and fBnol/L). Samples of the solution were taken at uasitime
intervals until equilibrium was attained, or up&dh. The amount of drug adsorbed by the
hydrotalcites was estimated by subtracting théain#nd remaining concentrations, using the

following equation:

— V'(CO_Ct,e)
m

(1)

4t.e

whereCo (umol/L) is the initial concentration anG; is the concentration at a tinheof the
organic compound in solutio®y (mL) was the volume of the solution and(g) was the
adsorbent mass. The sorption mechanism, i.e. waingp adsorbates inside the adsorbent
particles was studied considering two kinetic modehpproaches: pseudo-first- and pseudo-
second-order rate equations were applied usingr®nig program (version 2018) to test the

experimental data.



— = k1(de — q¢) )
d
d_ctl = k,(qe — Qt)z (3)

wherede is the amount of adsorbed solute at equilibriumh @rat a timet (umol/g), ki is the

reaction rate constant of pseudo-first-order lenaf pseudo-second-order.

Equilibrium studies were performed to study theroyalcites adsorption capacity for the
two drugs as a function of the contaminant conesioin Glass tubes with 10 mL of the drug
solutions at various concentrations (between 201&@dumol/L) were combined with 5 mg
of adsorbent and shaken for 7 h. As in kinetic istsiddrug concentrations of the filtered
samples were estimated with UV-visible spectroptmetioy and using Eq. (1L, in umol/L,

was the drug concentration at equilibrium).

The equilibrium experimental data obtained weredusebetter define the interactive
behavior between solutes and adsorbents. Seved#lsncan be considered for that purpose.
In our study we used Langmuir (Eqg. (4)) and FreiechdlEg. (5)) two-parameter isotherms and
Toth (Eg. (6)) three-parameter isotherm. Langmsotherm assumes homogeneous and
monolayer adsorption, with each molecule possessingtant enthalpy. Freundlich isotherm
studies processes that happen in heterogeneoaseasignd defines the exponential distribution
of the surface active sites. The Toth isothernmisrapirical modification of both the Langmuir
and Freundlich equations which tries to reducedifference between experimental data and
predicted value of equilibrium data. This modelmsst useful in describing heterogeneous
adsorption systems under both low and high end demigs of adsorbate concentration [24]

__krqrCe
de = 1+kCq ()
g = k- CJ/™F ©)
_ kr-qr-Ce
e = [t tkp-comrirmT ©



where ge (umol of adsorbate/g of adsorbent) is the amount ragsl) C. (umol/g) is the
monolayer capacity. is related to the adsorption capaciiyis the equilibrium constant/m:
Is the adsorption intensity (also indicates thetogeneity of the adsorbate sités)is the Toth
isotherm constant andr characterizes the heterogeneity of the system [24]

In addition, the adsorption process in porous dmsus was also examined with a
fractional approach to the equilibrium, used toneate the effective diffusion coefficieR{t)

[3]:

F(e) = 9= \/ 1— exp (— ”2”) @)

0—Ce r2

whereD (m?/s) is the intraparticle-diffusion coefficient andm) is the particle size radius

assuming a perfect sphere.

3. Results and discussion
3.1. Characterization of the adsorbents

The crystallographic phases present on the fredH aid on the calcined samples were
analyzed by powder X-ray diffraction. The PXRD dhfftion patterns obtained for the LDH
structures dried at 353 K were shownFigure la The results showed that single-phase
materials were synthesized with the general forni#sAl .CO3(OH)16 * 4H.O and the 3R
polytype. The 2 peaks located at 11.6 and 23.3° correspond tditfiactions of (003) and
(006) basal planes of the LDH. Cell parameters wateulated using Bragg’s equation with
results represented reble 1 a parameter was calculated @s= 2d(;,¢) and represents the
average distance between cations. The differerdlrwatic sizes of M& in the host layer are
responsible for the differences in the metal-mdistance as can be seerFigure 2. Thec-
parameter corresponds to three times the basaingpand is related to the thickness of the
interlayer distance and was calculatedcas 3/2 (dgg3 + 2dg06)- C Values are also quite

similar, as C@ was the interlayer anion in all cases with smhadinges having the opposite
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tendency toa values. Small differences between the samples doellcelated to changes in
interstitial water content or anion orientationfndg [25]. The crystallite size is related to the
sharpness of the peaks and was calculated by therr8c equation from the (003) reflection.
ZneAl> LDH pattern is best defined than the other thesages and has at least the double of
crystallite size. The thickness of the crystalfddows the same trend as the ionic radius and
the opposite one to tleeparameter. Various authdnavesuggested that the number of layers
of the LDH platelet in the order Zn > Co > Mg > dbuld be responsible for the crystallite
thickness [25][26]. A higher crystallinity for ZAl2 hydrotalcites seems to be a general trend
[27][25][28][29]. Overall, (00) reflections seem to have narrower and more symer@taks

in comparison with (0) ones. An overlap of the planes (009) and (01B8)bmaseen in Gal 2,
NisAl> and especially in Mg\l> samples. The broadening of the IjOdeflections has been
associated with stacking faults, in particularie presence of 3Rnotifs introduced into our
3R: polytype, rather than due to particle-size effel@8]. These stacking disorders are
differentiated from turbostratic disorder which nfasts in the line shape of thdkD)
reflections. Turbostratic disorder appears whegesgive layers are randomly orientated along
the c-crystallographic axis, resulting in a lossegfistry [31]. In our case Bl sample, having

a less defined (110) peak, could be the only samidéeted. Samples were calcined for 4 h at
673 K (except for MgAl> which was calcined at 823 K) causing the destonadf their layered
structure and the formation of mixed oxides (Begure 1b). In the case of the Mgl. sample
the periclase crystal structure of magnesium owds formed and peaks appeared at 35°, 43°
and 62° B corresponding to the (111), (200) and 220) plamsgectively. In the ZAl > sample
zincite was formed with peaks appearing at 32°, @& 57° B corresponding to the (100),
(101) and (110) planes. dil> sample transformed into nickel oxide with peak8#t (111),
43° (200) and 63° (220). @Al could have formed a GO structure with main peaks at 37°,
59° and 65° corresponding to (311), (333) and (4d€pectively or a CoADs structure as their
diffractogram peaks are at the same positions. aRBysis will confirm the presence of {n
spinel. The reconstruction of the LDH structureha presence of water depends on multiple
factors such as the temperature of calcinationfaimeation of spinels and the properties of the
divalent metal ions present in the matrix. In camples,ZnsAl> and MgAl> will recover its
LDH structure in the presence of water whereasrtbmory effect does not appear fosAl

or CasAlo. The former would need to be heated up to 523&K4aNIPa for 12 h [32] and, in the

latter, because of the formation of the highly E&x04 spinel even at low temperatures [33].
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SEM analysis of the calcined samples was perforamedthe micrographs obtained are
shown inFigure 3. Higher resolution ofFigure 3c and especiallyFigure 3a allows to
distinguish the platelet-like structures, charaster of hydrotalcite-like compounds, still
present after calcination. EDX analysis shows atirgdly small quantity of silicon (around
0.5%) present in all samples, which was also comd by XPS measurements, see below.
Silicon comes from the aluminium extraction, as Si©usually present in the saline slags

composition [8].

The adsorption-desorption isotherms of the samg@ésuncalcined (423 K) and calcined
(673 or 823 K) are shown figure S1 They all have a type Il adsorption isotherm, teslato
the presence of nonporous or macroporous adsorbemisa H3 hysteresis loop (IUPAC
classification). This loop is caused by the typicah-rigid aggregates of plate-like particles
with slit-shaped pores and does not exhibit a limgiadsorption at high relative pressures which
implies a poor reliability in both the pore distrition and total pore volume [34]. The main
textural properties of the samples dried at 423nd aalcined at 673 K (or 823 K) were
summarized iMable 2 As it is frequent with LDH, in all samples the BBEurface is greater
when the samples are calcined: in the case @klZisample the difference is minimal (from 79
to 83 nt/g) but in the other three samples it is closedlde: from 113 to 200 fg in NisAl 2,
from 141 to 220 in Gl and from 115 to 245 in M@\l .. This is due to the inaccesibility of
nitrogen to the interlayer surface of the LDH daéoth the relatively high charge density of
the layers and the presence of £@nions in the interlayer gallery [26]. The fachttizinc-
containing samples have by far the smallest BETasararea could be related to its high

crystallinity as its crystallite size twice biggban those of all the other samples.

The thermal analysis behavior of the four LDH wexaminated with thermogravimetric
analysis and differential thermal analysis. Theultssare represented figure 4 and the
different mass loss steps are calculated and suizedan Table 3. The LDH decomposed in
five stages and with a total mass loss of betw®ean8l 45%. The first step, that goes up to 400
K, is related to the loss of adsorbed water anégyabhe second, up to 500 K, corresponds to
the loss of interlayer water. In the case ofAl4 there is not a clear separation between the two
steps. The third step is the biggest one in allsémples and is due to the loss of both, CO
(decarbonation) and —OH groups (dehydroxylatiom)NIsAl> and ZgAl2 two peaks can be
observed. This step is located at different tentpesa, MgAl> is much more resistant to
temperature changes thans8l», whose structure colapses relatively early. Todheé reason

why MgeAl 2 calcination temperature was chosen to be 823 Kljiianate the carbonates in the
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interlayer. Steps 4 and 5 were small and correspotite formation of the mixed metal oxide
and the beginning of a sintering process whichapsis the pores. The following equation [25]
was used to calculate the theoretical decomposiroducts of the samples, considering that
COs? exits the system as GO

A
{Me(1_x AL (OH),} -{CO% :nH,0}> (1 = x)Me0 - xAl,05 + yH,0 + xCO,

(8)

The observed mass losses compared to those expbetmetically were included in
Table 4. The different percentages of mass losses arelyndure to the atomic mass of the
divalent metals. Large deviations were not found ZnsAl> had the best correlation between
theoretical and empirical results which could Hateal to its higher crystallinity. In the case of
CosAl2 sample, if cobalt is present only aszOgq the theoretical residue is larger than the
measured residue, in accordance with the resteo$dimplesThis difference could be due to

the water adsorbed outside the structure.

Temperature-programmed reduction by hydrogeATPIR) was conducted to study the
reducibility of the mixed oxides after calcinatidseither ZrAl2> nor MgAl 2 give significant
peaks as can be seerFigure 5. NisAl> sample exhibits one peak that goes from 600 t® 100
K with a maximum situated at 800 K which correspotalthe reduction of NiO to Ni. GAl>
profile shows two reduction steps: from 400 to &70C0304 reduces to CoO and at 950 K
changes from CoO to Co. This susceptibility to dduced can have effects on its result in the

butanol conversion, which will be later discused.

X-ray photoelectron spectroscopy (XPS) was usedédter understanding the surface
characteristics of our calcined samples. The sarfectrum of the samples confirmed the
EDX results, as a small percentage of Si is presetite samples. The relative proportion of
the metals on the surface are showmable 5 The % of aluminum on the surface is a bit
higher than the nominal ratio used 3:1. Howevex ithcrease in Al concentration in the surface
was to be expected as lighter metals tend to negmathe surface with the increase of the
temperature [35]. Spectra corresponding to Co 2pNir2p were presented Figure S2 The
calcination process of @Al2 oxidizes cobalt to form GQa (Figure S23 as PXRD diffraction
pattern suggested.
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3.2. Acid and basic sites characterization

Metal oxides have been widely used for the dehyaltatehydrogenation of alcohols.
Their different reaction pathways are employed asoael reaction that correlates with the
strength and the concentration of the catalyst$ @cd basic sites [36]. 1-Butanol was used as
reagent in this experiment. In general, acid siegsl to give predominantly dehydration
products whereas basic sites dehydrogenate 1-Hy&#]{88][39]. As seen ircheme 11-
butanol can be intramoleculadghydrated into butene in the presence of acid.ditea mainly
acid catalyst, 1-butene will be rapidly isomerizaaad cis/trans-2-butene will be the main
reaction products. An intermolecular dehydratiom @so occur with the formation of
dibutylether. This mechanism should requires thepeaation of both acid and basic sites to
take place [37][40]. It can also occur in mainlydacatalysts [41], however at temperatures
above 550 K 1-butene is the main product [40]hengame way, strong basic sites will prevent
1-butanol from being dehydrated and a dehydrogematiocess will appear instead [40] (see
Scheme 2 1-Butanol is transformed then into butyraldehyahel both can react together to
produce condensation products such as butyl-betyrat

The active sites of mixed oxides obtained by therrttal decomposition of LDH are
expected to vary upon modification of théNh the structure. The nature of their active sites
has been studied before [42]: as a guiding prieadpir samples will have weak Brgnsted basic
sites related with surface HO- groups; Lewis sitesiedium-strength which are due to acid-
basic pairs (both to f-0O> and AF*—0?); and strong Lewis basic sites which are assatiate
with the presence of low coordinated.QVhen trying to study the active sites’ natureof
samples we have to deal with the fact that, in watlsorption experiments, we work mainly
with meixnerite-like LDH (which are difficult to @racterize because of their high degree of
hydration) and, in the 1-butanol conversion, mix@ddes have been formed by LDH
calcination. While some authors have found a peecisrelation [43] between the basicity of
the mixed oxides (Lewis-type) and that of meixreelike samples (Brgnsted-type), others have

reported a different behavior between Lewis anchBied sites [44]

The 1-butanol conversion with increasing tempeesis shown ifrigure S3aandTable
6. CasAl2, NigAl2 and ZrAl 2 have a similar behavior and reach 1-butanol camwernf around
85% at 623K. However, M@l> only manages to convert 38%he results of the dehydration
of 1-butanol (both to dibutyl ether and butene)sliwat it is the only sample that forms dibutyl
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ether (38 %Figure S3b and butene is formed by all the catalysts inaussidegrees={gure
S39. NHs-TPD experiments were performed on both éMg and ZrAl, for a better
understanding of the results (seigure 6). Both samples have medium strength acid sites
assigned to ¥ and AP* (peak at 550 K) and M4l also has weak acid sites (peak at 475 K)
These extrdBrgnsted acid sites together with the medium sthebgsic sites can favor the
formation of dibutyl ether [45] [46], since the tvgamples present a very similar density of
acid centers (5 O mmol/n¥). Cosimo et al[47] found that ether formation is favored in the
most hydroxylated samples (first peak in NHPD). In addition, although MgO samples have
few acid sites, the increasing presence of Al | shmples can be linearly related to their
growth of acid sites number [47[he dehydrogenation process favored by basic siéets to
the formation of butyraldehyde, samples selectitatyards it is shown ifrigure S3d NisAl>

and ZnrAl> have a similar selectivity percentage andATp has a smaller one. This can be
related with the catalysts susceptibility to beuwztl. As seen ifigure 5, in the range of
temperatures considered (up to 623 K}@ois reduced to CoO in the presence of hydrogen
and it should be expected that the most easilyaibtiucatalysts would show highest selectivity
towards higher degree of oxidation (butyl butyratel heptanone), as seerfigures S3eand
S3f[39]. The results found show that the LDH sampales characterized by the presence of
basic surface sites. In the case ofsMg, the sample also presents acid sites since theafan

of dibutylether requires the cooperation of acid bBasic surface sites at this temperature.

3.3. Adsorption experiments

3.3.1. Effect of pH on adsorbate adsorption

Much care has to be taken when choosing the cqotéah adsorption tests. Diclofenac
sodium is a salt of a weak acidic drug (pK4.2). At a pH of less than 3, it is mainly prase
in the free acid form which is less soluble thaa kit and gives low signal in the UV-vis. As
the pH increases both the ionized and unionizeddare present and the UV-vis signal grows
and at a pH higher than 6 only the ionized formsesxand the UV-vis signal is stable [48].
Salicylic acid (pk = 2.8) is in the protonated form, HEiCOOH, at a pH smaller than the
pKa and in the deprotonated form H@MGCOO at a pH bigger than 4.5. This deprotonation

produces a small shift in thaax of the UV-vis spectrum [49].

The point of zero charge of the calcined hydrotatcivas 7.3 for Ga\l 2, 7.6 for NBAl 2,
8.3 for ZrsAl> and 9.9 for MgAl2 as shown irFigure S4 This rise in pH is due to the proton
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consumption that takes place when hydroxides amadd in the meixnerite structure. The
differences between the samples can be relatdu tmability of CeAl2and NiAl2to recover
the LDH structure or/and the samples?Maverage partial charge of oxygen which is also
observed in the different decarbonation temperat(seelTable 3, step 3) as the carbonates
will be more attracted to more strongly chargedgexy[50].When the pH is higher than the
point of zero charge the overall surface chargh@fdsorbents will be negative which causes
an electrostatic repulsion between the adsorbatmsndecreasing the adsorption capacity. In
addition, at a pH higher than 10.5, aluminum hydiexdissolves and magnesium hydroxide
precipitates [51]. Taking all this into accountétiger with adsorption experiments performed
at different pH (results not shown), a pH of 6 whesen to perform all the adsorption tests.

3.3.2 Batch adsorption results

The results of the adsorption experiments for ttver fSamples considering several
adsorbent doses (100, 200 and 400 mg/L) and adearbacentrations (25, 50 and 75 pmol/L)
are represented Figure 7 (diclofenac) andrigure 8 (salicylic acid). The adsorbent dose effect
is represented in the first columns of the figurés. usual, an increase of adsorbent
concentration implies a decline in the adsorptiapacity. The change in drug concentration is
represented in the second column; the increaseésoirbate concentration meant an increase of
the adsorption capacity of the samples. At a 200L.ragsorbent concentration and 75 pmol/L
of adsorbate, the adsorption capacity oéAda was the greatest, 301 pmol/g, followed by
MgesAl2 (159 pmol/g), CeAl2 (59 pmol/g) and NIz (36 umol/g). These results are compared
in Table 9 with those obtained in various studies using atéiet carbon from agro-industrial
wastes. Activated carbon is usually taken as aerbe because it has more stable properties
than other adsorbents [52]. In the case of saticatiid, in the same conditions, d. and
ZneAl2 show an equal 92 umol/g adsorption capacityANiis not far at 83 umol/g and ¢4
adsorbs the least at 33 umol/g. Although both gladi@acid and diclofenac are supposed to
form a hydrogen bond between their C@@up and the hydroxyl groups of the LDH, salicyli
acid tends to form an intramolecular hydrogen baitth an adjacent hydroxyl group which
causes a weaker affinity towards the adsorbent.dfffierences between the samples can be
explained by the memory effect rather than theutextproperties of solids. 4Al> exhibits a
much higher adsorption capacity than other matedaispite its limited textural properties.

CosAl2 and NsAl2 are not capable of recovering its previous hydecdgaconfiguration which
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means that the interlayer adsorption is not produzausing a decline in their adsorption
capacity.

Two types of kinetic modelling approaches have bgeposed by several authors to
describe the transport of adsorbates inside adsbsgoeface and particles. One of this type of
models considers simple relationships between tsoration performance and operating
conditions, showing how the mean adsorbent loatji)g@hanges with adsorption tim@.(The
second approach is the use of phenomenological Ismmddedescribe the physics of the
adsorption processes. The kinetic behavior of #mptes was studied with pseudo-first and
pseudo-second order linear reactions, simple mogedposed from the first category of
models, summarized iRigures 7 and 8andk: andk: values inTables S1 and S2The
goodness-of-fit of the samples was tested with sipiare ¥?) and the coefficient of
determination ). The results reveal that the adsorption procedarebe best described as a
pseudo-second-order linear reaction. khealues (se@able S2 are bigger for CgAl> and
NisAl2 samples. The adsorption rate is bigger in thosesamples and the equilibrium is also
achieved faster (less than 100 minutes) than ieAlAgand ZAl> samples. This could be due
to: a) the time taken by both LDH to recover thsnucture when put in contact with water
and/or b) the time taken by the drugs to enteirttexlayer in those two samples. An analysis
of the ko values also shows that it decreases as the iwitgdnic molecule concentration
increases from 25 to 48V and as the adsorbent mass decreases from 400 tmd/L. These
results could be related to the number of activessavailable for adsorption. The effective
diffusion coefficient calculations are presented @ble S3 There is no clear tendency in the
samples as adsorbent mass and adsorbate concentsa&i increased. However, sample
comparison makes clear thatr? is significantly bigger in CgAl and NsAl2 than the other
two samples, as expected from the adsorption kime@onstants calculated from the isotherm
equations are displayed Trable 8. All models show a good representation of the arpental
results (sed-igure S5, although the Toth equation shows a better aeccure between the
theoretical and experimental results than Langmand Freundlich equations. Toth model has
already been proven to give a good correlatiordebgption experiments with activated carbons
and organic molecules [53].

There may be a relationship between the acid/lmsierties of the LDH samples and
the adsorption capacity of the contaminants. Is thise, it is possible to observe a relationship
between the amount of adsorbed pollutants (permaitarea) and the acidic properties of the

adsorbents, sekigure 9. The figure represents the maximum amount adsoobele two
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pollutants and per external area of adsorbentTadée 2) in order to avoid the limitation of
the diffusion of pollutants inside of the structofehe LDH samples. As acidic properties, the
selectivity to butenes observed in the dehydrataction of 1-butanol has been considered. In
the case of the basic properties, a similar relatigp could be obtained, but the samples with
the presence of Co and Ni show a greater perforemamaehydrogenation, related to the
properties of these metals, as already mentionedeaipom the TPR analysis performed.

4, Conclusions

A series of LDH with various M¢ and a ratio of 3:1 was synthesized usin{j Aktracted
from saline slags as aluminum source. All the sasiphve a LDH structure with differences
between samples mainly due to Meations. Adsorption experiments of diclofenac and
salicylic acid as examples of emerging contaminavege performed. ZAl, and MgAI>
present the best adsorption capacity mainly dubeiw ability to recover their LDH structure
when rehydrated. The adsorption capacities of tdsrdents correspond quite well to their
acidic properties. Not so much in the case of gdproperties because the dehydrogenating
capacity of the LDH samples is also affected byrduox properties of metals, Ni and Co.
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column) and different drug concentrations (secasidmn). Adjustments to pseudo-first (solid
line) and second order (dotted line) models are stt®wn.

Figure 8.Kinetic data of salicylic acid adsorbed one8la (first range), NdAl2 (second range),
MgeAl2 (third range) and Zl» (fourth range) with different amounts of adsorbéist
column) and different drug concentrations (secasidmn). Adjustments to pseudo-first (solid

line) and second order (dotted line) models are stt®wn.

Figure 9. Evolution of the amount of pollutants adsorbedt3$exhe butenes formation in the
dehydrogenation reaction of 1-butanad) pollutants, €) dehydrogenation.
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Table 1 Diffraction positions, crystallite size,anda parameters of the non-calcined LDH

samples.
Sample  doos)  d(os) C daao) a Crystallite
(nm) (nm) (hm) (nm) (nm) size (nm)
CosAl2 0.759 0.380 2.282 0.155 0.309 12.9
MgeAl2 0.765 0.386 2.307 0.153 0.307 9.5
NisAl2 0.775 0.387 2.323 0.153 0.305 6.7
ZneAl2 0.752 0.378 2.263 0.154 0.308 30.3
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Table 2 Textural properties of the non-calcined and c&ldiLDH samples.

Sample SBET Sext Vup

(m?/g) (m?g) (cm3/g)
uncalcined 141 137 0.0006

CosAl2
calcined 220 169 0.0273
uncalcined 115 103 0.0053

MgeAl2
calcined 245 218 0.0127
uncalcined 113 103 0.0042

NisAl 2
calcined 200 189 0.0042
uncalcined 79 71 0.0037

ZneAl2
calcined 83 73 0.0046
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Table 3. Mass losses (%) in the steps indicated from tleentbgravimetric analyses of the

LDH samples.

Step— 1 2 3 4 5 TOTAL

Sample

300-400 K 400-465 K 465-538 K 538-823 K 823-1173 K
CosAl2
3.95 10.00 12.35 3.4 1.0 30.7

300-400 K 400-500 K 500-750 K 750-950 K 950-1173 K

MgeAl2
6.8 11.28 23.21 3.29 1.12 457
300-500 K 500-650 K 650-850 K 850-1173 K
NigAl 2
14.69 16.94 3.34 0.86 35.83

300-373 K 373-460 K 460-600 K 600-900 K 900-1173 K
ZneAl2
1.72 10.45 12.87 3.82 2.08 30.94
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Table 4. Comparison of theoretical remaining mass and meds@maining mass of the

LDH samples.
LDH Theoretical Theoretical Measured Variance from
oxidesstructure remaining remaining theoretical value
mass (%) mass (%)
Co0sAl2CO3(0OH)16 - 4H20 2C0:04 +Al,05 71.89 69.30 -2.59
MgeAl2CO3(OH)16 - 4H20 6MgO+ Al,Os 56.92 54.30 -2.62
NisAl2CO3(OH)16+ 4H20 6NIO+ Al,Os 67.89 64.17 -3.72
ZneAl2CO3(OH)16 - 4H20 6Zn0+ Al,Os 69.40 69.06 -0.34
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Table 5. Surface concentration (% atomic) and metals ptapw of the calcined compounds

on the surface of the LDH samples.

Sample Me* Al @) C Metals’
proportions
CosAl2 25.6 11 60.2 9.8 GAlszs
MgeAl2 26.2 8.3 51.9 13.5 Mé&\ 1.0
NisAl2 21.4 10.7 53.1 14.8 DAl 3
ZneAl2 204 8.8 49.5 21.2 ZAl2 6
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Table 6.Butane conversion percentages on the samples.

Conversion due mainly to acid sites Conversion due mainly to basic sites
Sample (%)
Dibutyl . Butyl
Butene Total butyraldehide Heptanone  Total
ether butyrate

CosAl2 3.7 0.7 4.4 48.6 34.0 1.4 84
MgeAl2 5.4 46.4 51.8 29.9 7.8 0.1 37.8
NisAl2 7.0 0.4 7.4 61.9 25.7 0.6 86.1
ZneAl2 13.2 0.5 13.7 65.0 19.2 0.4 84.6
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Table 7.Diclofenac adsorption capacities, comparison oésmhactivated carbons obtained

fron different from agro-industrial wastes.

Co Adsorption capacity
Sample/precursor + activator Adsorption conditions (mg/L) (mg/g) Ref.

AC from olive waste + HPOs 1.509/L, 298K, pH 4.1 14.80 56.2 [54]
AC from olive stones + HSOs 5dl/L, 296 K, pH 4.2 25-150 11.01 [55]
AC from peach stones + HPOq 2.4 g/L, 298 K 30-530 200 [56]
AC from cyclamen tubes + ZnC} 59/L, 298K, pH 4 0-100 22.22 [57]
AC from pine chip + NaOH 1.6 g/L, 298 K, pH 7 5.923 372 [58]
Commercial AC + H2SO4 25-100 mg/L, 298 K, pH 4.2-10 25-100 83-487 [59]
AC from cocoa pod husks 0.25-1.25 g/L, 298 K, pH 3-11 10-30 5.53 [60]
CosAl2 LDH, Al from saline slags 0.1-0.4 mg/L, 298 K, pH 6 8-24 6-38 This work
MgeAl2 LDH, Al from saline slags 0.1-0.4 mg/L, 298 K, pH 6 8-24 16-78 This work
NisAl2 LDH, Al from saline slags 0.1-0.4 mg/L, 298 K, pH 6 8-24 7-16 This work
ZneAl2 LDH, Al from saline slags 0.1-0.4 mg/L, 298 K, pH 6 8-24 20-150 This work
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Table 8. Freundlich, Langmuir and Toth parameters for tsogotion of diclofenac by the
LDH. Equilibrium time = 24 h, T= 298 K, pH 6.

MgeAl2 ZneAl2

Freundlich
aF 97 91
me 2.5 2.2
e 1047 1756
R 0.95 0.95
Langmuir
g (umol/g) 1006 1363
ke (mL/pmol) 0.024 0.020
e 545 167
R 0.98 0.97
Toth
gt (Lmol/g) 1980 2013
K¢ (mL/umol) 0.043 0.025
my 0.39 0.54
e 19790 8070
R 0.995 0.999
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Figure 3. SEM micrographs of the cobalt (a), magnesiumrizkel (c) and zinc (d) samples.
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