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ABSTRACT

This work presents the synthesis of #M¢Co, 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 h@en bachieved using powder X-ray
diffraction (PXRD), scanning electron microscopye(®), nitrogen physisorption at 77 K,
thermogravimetry measurements (TGA), temperatuogiipmmed reduction (TPR), X-ray
photoelectron spectroscopy (XPS), ammonia tempergiogrammed desorption (NH
TPD) and point of zero charge (pHpzc). Batch expents were performed to analyze the
adsorption capacity of the different LDH on diclodée and salicylic acid, as example of
emergent pollutants. The pH, mass of adsorbentacbtime and concentration of pollutant
were the parameters used to compare the adsopgerformance of the synthesized materials.
Samples showed different behavior and the equilibriwas reached at different times,
MgsAl, and ZrAl, showed lower equilibrium times but had higher agson capacity.
Various adsorption and isotherm equation models®vesnployed to study both the kinetic
and equilibrium results and, in general, the rerhaiadiclofenac was greater than that of
salicylic acid. 1-Butanol conversion was also usexda means of acidity and basicity
characterization and the results were compared wi¢éh adsorption performance of the
samples in order to explain the results found. lati@nship between the amount of pollutants

adsorbed and the butenes formed in the dehydraganmatction 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 adsorptioroie of the most studied due to its rapid
pace and low energy consumption. Even if differ@téorbents such as active carbons [3],
zeolites [6] or metal organic frameworks [6] haveeb studied in the past, a new trend
towards greener adsorbents [5][6] or, like in tlesidy, integrating hazardous waste

remediation, seems to be congruent.

The secondary aluminum smelting process generaigsug types of wastes of which
the largest, in % by mass, are saline slags. Gatathas hazardous wastes in European Waste
List [7], they are generated because salts aredaiddprevent oxidation, enhance the thermal
efficiency of the process and scatter the oxidesent in the smelting furnace [8]. Saline
slags have a significant economic value. Alasetovering process is not cost-effective and
the wastes are currently stored in controlled l#isdf9] once its metal fraction has been
separated. However, aluminum saline slags, as &urabof oxides, can be used for direct
applications such as road paving or inert fillimg €onstruction or even recovered as a high-
value product and used to synthesize salts or aliiiO]. In this study, aluminum extracted

from saline slags was used to synthesize layeratlddydroxides.

Layered double hydroxides (LDH), also known as aitielays, are compounds with a
structure based on that of brucite [Mg(GHWith the substitution of some Mefor Me**
which creates a positive charge that is balancethéypresence of anions in the interlayer.
The possibility of varying the identity and theatdle proportions of the M& Me** and the
anions in the interlayer shapes the LDH group, tiidlows the general formula [M&.
Me* (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) faund in synthetic samples. Several
studies have been completed to define the limitwlath metal ions can form LDH such as
ionic radii [11], solubility products [12] or thedynamic factors [13]. The most commonly
used Mé&" cations are Co, Cr, Cu, Mg, Mn, Ni and Zn; Al delare usually the Méand the

most frequent anion is GO. LDH can be calcined to extract the water and iof the



interlayer and form mixed metal oxides (MMO). Thddd1O have multiple applications
primarily as adsorbents [14] and catalysts [15]. ®Man have the ability to recover their
previous LDH structure when in contact with watef whom hydroxides serve as
compensating ions, in the so calie@mory effectvhich can be used to trap different anions

in the interlayer space.

Nonsteroidal anti-inflammatory drugs (NSAIDsS) armaexging contaminants and over-
the-counter pharmaceutical compounds used to rguhiog decrease fever and inflammation.
Their high consumption rates together with the ilitstoof waste-water treatment plants to
efficiently remove some of them have pointed theum @s excellent chemical markers of
wastewater contamination [16]. Salicylic acid eféeon the environment have been studied
with different results [17][18][19][20] and altholigin general it has good removal
percentages, it is usually present in surface waf2t]. Diclofenac, with a more acute
ecotoxicity and lower removal rates in wastewateatinents, has been incorporated into the
European Commission's watch-list of substancesnionitoring in the field of water policy
2015/49 [22].

In this work LDH with various M& (Co, Mg, Ni and Zn) and aluminum extracted from
saline slags as Mé (with a 3:1 Mé":Me>** molar ratio) were synthesized by a modified co-
precipitation method. These synthesized and caldifidH were then studied as adsorbents of
diclofenac and salicylic acid, as representativenpaunds 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 hydroedcivere: Co(Ng), « 6H,O (Panreac,
> 98%), Mg(NQ), * 6H,O (Sigma-Aldrich> 99.99%), Ni(NQ), « 6H,O (Panreacz 98%),
ZNn(NOg), « 6H,0O (Sigma-Aldrich,> 98%), NaCQO; (Sigma-Aldrich,> 99.99%), HNQ was
used for pH adjustment and NaOH (Panreac) for huth adjustment and aluminum
extraction. 1-butanol (Rotk; 99.95%), ammonia (Air Liquide, 99.995 %), heliuRrgxair,
99.999%) and nitrogen (Praxair, 99.999%) were atsl.



The following adsorbates were used without any fincation: salicylic acid, (2-
hydroxybenzoic acid, 2-(HOX¥E,COOH,> 99.99%, Sigma-Aldrich) and diclofenac sodium
salt (2-[(2,6-dichlorophenyl)amino]benzeneacetiid aodium salt, &H1,CI,NNaG,, Sigma-
Aldrich).

2.2 Hydrotalcite-like compounds synthesis

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

Layered double hydroxides were synthesized by aiffeddco-precipitation method
with a molar ratio M&"AI®" of 3:1. Four samples were synthesized using cotm@gnesium,
nickel and zinc as M& As an example, solutions 0.0266 mol/L of Zn@> 6H,0 and
0.080 mol/L of aluminum were added dropwise to @LB.mol/L solution of NzCOs; the
final volume was 400 mL. Both NaOH and Hi@ere used to adjust the pH to 10. The
mixture was stirred at 333 K and 500 rpm for 1 ll dhen aged for 24 h. The slurries
obtained in the washing water were then centrifu@00 rpm) and washed several times
until a pH of 7 was obtained. The samples were fttheed for 16 h at 353 K, manually
grounded with a mortar and calcined for 4 h at KABDH with Mg was calcined at 823 K).
Samples were named as¢8, MgsAl,, NigAl, and ZAl,, respectively.

2.3 Characterization techniques

Powder X-ray diffraction (PXRD) patterns were meaduat room temperature with a
Siemens D-5000 X-ray diffractometer using a Niefitd Cu K radiation {=0.15418 nm) in
a @ range from 5 to 70° and a scanning rate of 0.@}/ifin. 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.

N, physisorption was performed at 77 K with a Microities ASAP 2020 Plus
adsorption analyzer. The samples (0.4 g) were dedgasnder vacuum before measurement at
423 K for 24 h. The specific surface ar&aef) was evaluated by the BET method in the



range between 0.05-0.20 of relative pressure. Titerreal surface areaS{;) and the
micropore volumes\up) 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 atni@sp (60 mL/min).

Temperature-programmed reduction (TPR) studies wertarmed on a Micromeritics
TPR/TPD 2900 instrument under a 30 mL/min flow &6 5, (H./Ar, Praxair) carrier gas. A
cold trap was used to retain compounds formed duittie 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®Pa. The zone analyzed was about 1.4°mand the pass
energy was set at 150 eV for the general specttaabB0 eV for the elementary spectra. An
electron gun set at 8 eV and a nickel grid placeih3 above the surface of the samples were
used to stabilize the charge. The surface advensittarbon peak, C 1s at 284.8 eV, was used
as a reference for all the binding energies. Wiegnmired, spectra were decomposed with the
CasaXPS program (Casa Software Ltd., UK) with adS@m/Lorentzian product function

after subtraction of a nonlinear baseline.

NHs adsorption and subsequent temperature-programneatpdieon (NH-TPD) were
carried out in a Hiden CATLAB-PCS combined micratea and mass spectrometer (MS)
system equipped with a quadrupole. Three steps fe#oeved to perform the experiments:
(1) stabilization of a flow of pure Ar (30 mL/mimt 323 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/Nt$ensitivity factors ratio) and subsequent heatm@ i3 K
(still under 30 mL/min of pure Ar); (2) adsorptiai NHs at 423 K for 1.5 h from a 95:5
Ar/NH: flow (25 mL/min) mixed with a flow of pure Ar (5 bdmin); (3) flush at 423 K under
pure Ar (30 mL/min) for 2.5 h in order to elimingddysisorbed NEHand subsequent TPD
from 423 to 923 K (10 K/min, still under 30 mL/miof pure Ar) in order to desorb
chemisorbed NEH The amount of Nk desorbed allows the number of acid sites to be

calculated, the desorption temperature reflectstiength of these sites.



The point of zero charge was determined with theasidition method. A 0.01 mol/L
NaCl solution was used as background electrolytebagkground solution (50 mL) was
apportioned into various flasks kept in series viiitreasing pH values from 2 to 12. 0.15 g
of adsorbent was added to all these flasks andtiaege in pH of each solution was recorded
after shaking the samples for 48 h. This changeHinwvas plotted against the initial pH values
on the graph, and the PZC was identified as thevheh A pH=0.

2.4.1 Butanol conversion procedure

The dehydration and dehydrogenation reactions veargied out in a two-reactor
system, one used as a blank with only glass hagisle (500 to 800 um) and the other with
180 mg of catalyst mixed with glass balls up tced height of 2 cm and extra 0.5 cm of balls
to homogenize the gas input. Before the reactiatglygsts were sieved, and the particle size
fraction of 100-200 pum was used. The reactor wascenl in a vertical furnace with
temperature control. The real reaction temperatta® measured by a thermocouple situated
near the catalyst, in the middle part of the rea@ample pretreatment was made at 473 K for
2 h under a nitrogen flow (30 mL/min). After theepreatment the reactor was heated to 373
K and nitrogen was saturated with 1-butanol vageotli, > 99.95%). The 1- butanol
temperature was 337.75 K to obtain a 10% of butanothe flow. To prevent the
condensation of 1-butanol or reaction products, ledes from the saturator to the
chromatograph were heated at 373 K. A first savfe® chromatograms was performed over
the blank reactor and then changed to the samatgareto perform 6 chromatograms every
50 K from 373 K to 723 K. Unconverted 1-butanol @hd dehydration and dehydrogenation
products were analyzed by a Thermo Scientific TER®0 gas chromatograph, equipped with
a FID detector. A 30m*0.32 mm, 0.25um (Stabilwagpidary column was used for the
separation of the various compounds. In additioHagesep column (N 60-80, 0.25m*1/16”
SS) with a TCD detector was used to quantify titeogen. The estimation of the initial
contents of both nitrogen and butanol were made filoe intensities measured in the blank
chromatograms and, in the next steps, the otheponents signals were normalized to that
of nitrogen. The conversion (%) was defined asr#ti® of the amount of converted butanol
to the amount of butanol detected by the blanktoga@he selectivity for each product (%)
was defined as:



quantity of product * correction factor

Selectivity (%) =
electivity (%) (butanol initial quantity * conversion %)

The correction factor was calculated from calilmatiand 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 inplE was made by adjusting the drug
solutions (5Qumol/L) to a range of several pHs from 2 to 12 bgiad HNG; or NaOH. 10
mg of the adsorbent were added to the beaker aakleshfor 2 h at 298 K. The drug
concentration in the filtered solutions (0.g@&hol, Durapore) was determined by a Jasco V-
730 UV-Vis spectrometer. Maximum adsorption wavgtee used were 276 nm for

diclofenac and 297 nm for salicylic acid.

The kinetic tests were performed to study bothetffiect 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 @nication of 75umol/L. Samples were
shaken in a stirring plate throughout the duratbthe experiments. The 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

whereCy (umol/L) is the initial concentration an@; is the concentration at a tinheof the
organic compound in solutiory) (mL) was the volume of the solution anu(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(qe — q¢) )
d
d_ctl = k,(qe — Clt)z (3)

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

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

Equilibrium studies were performed to study the royalcites adsorption capacity for
the two drugs as a function of the contaminant eatration. Glass tubes with 10 mL of the
drug solutions at various concentrations (betwekarzl 100umol/L) were combined with 5
mg of adsorbent and shaken for 7 h. As in kindtidiss, drug 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 (Eq. (4)) and Freiechd(Eq. (5)) two-parameter isotherms
and Toth (Eq. (6)) three-parameter isotherm. Larigisatherm assumes homogeneous and
monolayer adsorption, with each molecule possessingtant enthalpy. Freundlich isotherm
studies processes that happen in heterogeneouacesirfand defines the exponential
distribution of the surface active sites. The Tigtitherm is an empirical modification of both
the Langmuir and Freundlich equations which triesréduce the difference between
experimental data and predicted value of equilibridata. This model is most useful in
describing heterogeneous adsorption systems urmtér low and high end boundaries of

adsorbate concentration [24].

__krqrCe

Qe = 1+kpCp

(4)



1/mF

Ge = kp - Ce ®)
_ krqr-Ce
e = [rtkp-comrrmT ©

where ge (umol of adsorbate/g of adsorbent) is the amount ragsl) C. (umol/g) is the
monolayer capacityk is related to the adsorption capacky,is the equilibrium constant,
1/me is the adsorption intensity (also indicates theetogeneity of the adsorbate sitds)js

the Toth isotherm constant ang 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 taneate the effective diffusion coefficieRit)

[3]:

F(t) _ Co—Cr _ \/1 — exp (_ ﬂZDt) @

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 abd 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 shownHigure 1la The results showed that single-phase
materials were synthesized with the general fornMiggAl ,CO3(OH).6 ¢« 4H,O and the 3R
polytype. The 8 peaks located at 11.6 and 23.3° correspond tdiffiactions of (003) and
(006) basal planes of the LDH. Cell parameters wafteulated using Bragg’s equation with
results represented rable 1 a parameter was calculated @s= 2d 1,0y and represents the

average distance between cations. The differeralrimtic sizes of M& in the host layer are

10



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 (dyo3 + 2dyg6). C Values are also quite
similar, as C@ was the interlayer anion in all cases with smadirges having the opposite
tendency toa values. Small differences between the samples doelltelated to changes in
interstitial water content or anion orientationfenidg [25]. The crystallite size is related to
the sharpness of the peaks and was calculated ebysS¢herrer equation from the (003)
reflection. ZRAl, LDH pattern is best defined than the other theeeges and has at least the
double of crystallite size. The thickness of thestallite follows the same trend as the ionic
radius and the opposite one to thearameter. Various authors have suggested that the
number of layers of the LDH platelet in the orderZCo > Mg > Ni could be responsible for
the crystallite thickness [25][26]. A higher cryi$itaty for ZngAl, hydrotalcites seems to be a
general trend [27][25][28][29]. Overall, (DOreflections seem to have narrower and more
symmetric peaks in comparison with [D@énes. An overlap of the planes (009) and (018) ca
be seen in G#l,, NigAl, and especially in Mghl, samples. The broadening of the 1§01
reflections has been associated with stackingdaultparticular to the presence of,3Rotifs
introduced into our 3Rpolytype, rather than due to particle-size eff¢86. These stacking
disorders are differentiated from turbostratic disw which manifests in the line shape of the
(hkO) reflections. Turbostratic disorder appears wisrtcessive layers are randomly
orientated along the c-crystallographic axis, r@sglin a loss of registry [31]. In our case
NigAl, sample, having a less defined (110) peak, coulthé@®nly sample affected. Samples
were calcined for 4 h at 673 K (except for At which was calcined at 823 K) causing the
destruction of their layered structure and the fatrom of mixed oxides (sefeigure 1b). In

the case of the M@\, sample the periclase crystal structure of magnesixide was formed
and peaks appeared at 35°, 43° and &2Xa2responding to the (111), (200) and 220) planes,
respectively. In the ZAl, sample zincite was formed with peaks appearingRat 36° and
57° 2 corresponding to the (100), (101) and (110) plahggAl, sample transformed into
nickel oxide with peaks at 37° (111), 43° (200) &33 (220). CgAl, could have formed a
Cao30; structure with main peaks at 37°, 59° and 65°esponding to (311), (333) and (440)
respectively or a CoAD, structure as their diffractogram peaks are atstmme positions.
XPS analysis will confirm the presence of ;09 spinel. The reconstruction of the LDH
structure in the presence of water depends on phailfactors such as the temperature of
calcination, the formation of spinels and the props of the divalent metal ions present in

the matrix. In our samples, &nl, and MgAIl, will recover its LDH structure in the presence

11



of water whereas the memory effect does not appedtisAl, or CaAl,. The former would
need to be heated up to 523 K and 4 MPa for 122h 48d, in the latter, because of the

formation of the highly stable GO, spinel even at low temperatures [33].

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 atingdly 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 sampleth uncalcined (423 K) and
calcined (673 or 823 K) are shownkigure S1 They all have a type Il adsorption isotherm,
related to the presence of nonporous or macropaadserbents, and a H3 hysteresis loop
(IUPAC classification). This loop is caused by tigpical non-rigid aggregates of plate-like
particles with slit-shaped pores and does not dxhibdimiting adsorption at high relative
pressures which implies a poor reliability in bdtie pore distribution and total pore volume
[34]. The main textural properties of the samplesdiat 423 K and calcined at 673 K (or 823
K) were summarized iffable 2 As it is frequent with LDH, in all samples the BEBurface is
greater when the samples are calcined: in theaagn;Al , sample the difference is minimal
(from 79 to 83 rfYg) but in the other three samples it is closedobde: from 113 to 200 ffy
in NigAl,, from 141 to 220 in G#\l, and from 115 to 245 in M@l,. This is due to the
inaccesibility of nitrogen to the interlayer sudaaf the LDH due to both the relatively high
charge density of the layers and the presence af @@ions in the interlayer gallery [26].
The fact that zinc-containing samples have by K& $mallest BET surface area could be
related to its high crystallinity as its crystalisize twice bigger than those of all the other

samples.

The thermal analysis behavior of the four LDH weexaminated with
thermogravimetric analysis and differential therraahlysis. The results are represented in
Figure 4 and the different mass loss steps are calculatddsammarized imable 3. The
LDH decomposed in five stages and with a total nhass of between 30 and 45%. The first
step, that goes up to 400 K, is related to the ¢dbsxlsorbed water and gases. The second, up

to 500 K, corresponds to the loss of interlayeraenan the case of jl, there is not a clear

12



separation between the two steps. The third stéipeidiggest one in all the samples and is
due to the loss of both G@decarbonation) and —OH groups (dehydroxylationNigAl, and
ZngAl, two peaks can be observed. This step is locateliffatent temperatures, Mgl, is
much more resistant to temperature changes thgAl £avhose structure colapses relatively
early. That is the reason why W, calcination temperature was chosen to be 823 K, to
eliminate the carbonates in the interlayer. Ste@d 5 were small and correspond to the
formation of the mixed metal oxide and the begignih a sintering process which collapses
the pores. The following equation [25] was useddtrulate the theoretical decomposition

products of the samples, considering thatCéxits 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 An;Al;, had the best correlation between
theoretical and empirical results which could batesl to its higher crystallinity. In the case
of CosAl, sample, if cobalt is present only aszOg the theoretical residue is larger than the
measured residue, in accordance with the resteo$dimples. This difference could be due to

the water adsorbed outside the structure.

Temperature-programmed reduction by hydrogenTPR) was conducted to study the
reducibility of the mixed oxides after calcinatidseither ZgAl, nor MgAl, give significant
peaks as can be seerFigure 5. NigAl, 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 &70C0;0,4 reduces to CoO and at 950 K
changes from CoO to Co. This susceptibility to éduced 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 sarfgectrum 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 showable 5 The % of aluminum on the surface is a bit
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higher than the nominal ratio used 3:1. Howeves ihcrease in Al concentration in the
surface was to be expected as lighter metals tenudrate to the surface with the increase of
the temperature [35]. Spectra corresponding to |Carizl Ni 2p were presentedhigure S2
The calcination process of gAd, oxidizes cobalt to form GO, (Figure S23 as PXRD
diffraction pattern suggested.

3.2. Acid and basic sites characterization

Metal oxides have been widely used for the dehjaiiatehydrogenation of alcohols.
Their different reaction pathways are employed asoael reaction that correlates with the
strength and the concentration of the catalyst$ aed basic sites [36]. 1-Butanol was used as
reagent in this experiment. In general, acid siesl to give predominantly dehydration
products whereas basic sites dehydrogenate 1-By&#]f{B88][39]. As seen irScheme 11-
butanol can be intramolecularly dehydrated intoebatin the presence of acid sites. In a
mainly acid catalyst, 1-butene will be rapidly isenzed and cis/trans-2-butene will be the
main reaction products. An intermolecular dehydrattan also 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].Ha same way, strong basic sites will
prevent 1-butanol from being dehydrated and a delgghation process will appear instead
[40] (seeScheme 2. 1-Butanol is transformed then into butyraldehyae both can react
together to produce condensation products suchtsktutyrate.

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 priecgar samples will have weak Brgnsted
basic sites related with surface HO- groups; Lesitess of medium-strength which are due to
acid-basic pairs (both to #-0* and AP*-0?); and strong Lewis basic sites which are
associated with the presence of low coordinatéd \@hen trying to study the active sites’
nature of our samples we have to deal with thetfadt in water adsorption experiments, we
work mainly with meixnerite-like LDH (which are di€ult to characterize because of their
high degree of hydration) and, in the 1-butanolvession, mixed oxides have been formed

by LDH calcination. While some authors have foungrecise correlation [43] between the
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basicity of the mixed oxides (Lewis-type) and tlohtmeixnerite-like samples (Brgnsted-
type), others have reported a different behavitwéen Lewis and Brgnsted sites [44].

The 1-butanol conversion with increasing tempeesus shown irFigure S3aand
Table 6. Ca;Al,, NigAl, and ZAl, have a similar behavior and reach 1-butanol canwer
of around 85% at 623K. However, WAj, only manages to convert 38%. The results of the
dehydration of 1-butanol (both to dibutyl ether dnudene) show that it is the only sample that
forms dibutyl ether (38 %;igure S3b and butene is formed by all the catalysts inousi
degreesKigure S39. NHs-TPD experiments were performed on bothsMg and ZrAl, for
a better understanding of the results (Sigeire 6). Both samples have medium strength acid
sites assigned to Mand AP* (peak at 550 K) and M4\, also has weak acid sites (peak at
475 K). These extra Brgnsted acid sites togeth#r thie medium strength basic sites can
favor the formation of dibutyl ether [45] [46], s, the two samples present a very similar
density of acid centers (5 20nmol/nf). Cosimo et al[47] found that ether formation is
favored in the most hydroxylated samples (firstkpga NH3-TPD). In addition, although
MgO samples have few acid sites, the increasinggnee of Al in the samples can be linearly
related to their growth of acid sites number [4Ife dehydrogenation process favored by
basic sites starts to the formation of butyraldehyghmples selectivity towards it is shown in
Figure S3d NigAl, and ZrAl, have a similar selectivity percentage angATphas a smaller
one. This can be related with the catalysts sudukfytto be reduced. As seen kigure 5, in
the range of temperatures considered (up to 628dQ;, is reduced to CoO in the presence
of hydrogen and it should be expected that the reasily reducible catalysts would show
highest selectivity towards higher degree of oxatatbutyl butyrate and heptanone), as seen
in Figures S3eandS3f [39]. The results found show that the LDH sampales characterized
by the presence of basic surface sites. In the chddgsAl,, the sample also presents acid
sites since the formation of dibutylether requities cooperation of acid and basic 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
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the pH increases both the ionized and unionizethdoare present and the UV-vis signal
grows and at a pH higher than 6 only the ionizadhfexists and the UV-vis signal is stable
[48]. Salicylic acid (pK = 2.8) is in the protonated form, HGKLCOOH, at a pH smaller

than the pK and in the deprotonated form HEHZCOO at a pH bigger than 4.5. This

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

The point of zero charge of the calcined hydrotatciwas 7.3 for G@l,, 7.6 for
NigAl,, 8.3 for ZrAl, and 9.9 for MgAl, as shown irFigure S4 This rise in pH is due to the
proton consumption that takes place when hydroxaiedormed in the meixnerite structure.
The differences between the samples can be redatdte inability of CgAl, and NEAI; to
recover the LDH structure or/and the sample$"\eerage partial charge of oxygen which is
also observed in the different decarbonation teatpess (seeTable 3 step 3) as the
carbonates will be more attracted to more stromgigrged oxygen [50]. When the pH is
higher than the point of zero charge the overalfase charge of the adsorbents will be
negative which causes an electrostatic repulsitwdsn the adsorbate anions, decreasing the
adsorption capacity. In addition, at a pH highemti0.5, aluminum hydroxide dissolves and
magnesium hydroxide precipitates [51]. Taking li$ tinto account together with adsorption
experiments performed at different pH (results staiwn), a pH of 6 was chosen to perform

all the adsorption tests.

3.3.2 Batch adsorption results

The results of the adsorption experiments for thver fSamples considering several
adsorbent doses (100, 200 and 400 mg/L) and adeodmacentrations (25, 50 and 75
pnmol/L) are represented Kigure 7 (diclofenac) andrigure 8 (salicylic acid). The adsorbent
dose effect is represented in the first columnsthef figures. As usual, an increase of
adsorbent concentration implies a decline in theogation capacity. The change in drug
concentration is represented in the second coluh®ejncrease of adsorbate concentration
meant an increase of the adsorption capacity ofstmaples. At a 200 mg/L adsorbent
concentration and 75 pmol/L of adsorbate, the gdi®or capacity of ZgAl, was the greatest,
301 umol/g, followed by MgAl, (159 umol/g), CeAl, (59 umol/g) and NI, (36 pmol/g).
These results are comparedTiable 9 with those obtained in various studies using atts
carbon from agro-industrial wastes. Activated cartsousually taken as a reference because it

has more stable properties than other adsorbe2jslfbthe case of salicylic acid, in the same
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conditions, MgAl, and ZrAl, show an equal 92 pumol/g adsorption capacitgANiis not
far at 83 pmol/g and GAl, adsorbs the least at 33 umol/g. Although both gatiacid and
diclofenac are supposed to form a hydrogen bongddset their COOgroup and the hydroxyl
groups of the LDH, salicylic acid tends to form iatramolecular hydrogen bond with an
adjacent hydroxyl group which causes a weaker igffibowards the adsorbent. The
differences between the samples can be explainethdoymemory effect rather than the
textural properties of solids. éAl, exhibits a much higher adsorption capacity thdremot
materials despite its limited textural properti€osAl, and NiAl, are not capable of
recovering its previous hydrotalcite configuratwhich means that the interlayer adsorption
Is not produced causing a decline in their adsonptapacity.

Two types of kinetic modelling approaches have bgmposed 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 loa¢tigjgchanges with adsorption tim#.(
The second approach is the use of phenomenologicdkls to describe the physics of the
adsorption processes. The kinetic behavior of #mptes was studied with pseudo-first and
pseudo-second order linear reactions, simple mogelposed 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 ¥2) and the coefficient of
determination ). The results reveal that the adsorption procedarebe best described as a
pseudo-second-order linear reaction. kh&alues (se@able S2 are bigger for CgAl, and
NigAl, samples. The adsorption rate is bigger in thosesavoples and the equilibrium is also
achieved faster (less than 100 minutes) than ipAldcand ZAl, samples. This could be due
to: a) the time taken by both LDH to recover thanucture when put in contact with water
and/or b) the time taken by the drugs to enteiirttexlayer in those two samples. An analysis
of the k, values also shows that it decreases as the imitgdnic molecule concentration
increases from 25 to 7pM and as the adsorbent mass decreases from 4000tondy/L.
These results could be related to the number obeasites available for adsorption. The
effective diffusion coefficient calculations areepented inTable S3 There is no clear
tendency in the samples as adsorbent mass andbatisaroncentration are increased.
However, sample comparison makes clear f is significantly bigger in CgAl, and
NigAl, than the other two samples, as expected from ¢ts®rption kinetics. Constants
calculated from the isotherm equations are displagpelable 8 All models show a good
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representation of the experimental results (3gare S5, although the Toth equation shows
a better accordance between the theoretical andriexgntal results than Langmuir and
Freundlich equations. Toth model has already beemep to give a good correlation of

adsorption experiments with activated carbons agdroc molecules [53].

There may be a relationship between the acid/lasigerties of the LDH samples and
the adsorption capacity of the contaminants. Irs tbase, it is possible to observe a
relationship between the amount of adsorbed paoitstgper external area) and the acidic
properties of the adsorbents, deigure 9. The figure represents the maximum amount
adsorbed of the two pollutants and per externa afeadsorbent (sekable 2) in order to
avoid the limitation of the diffusion of pollutanitsside of the structure of the LDH samples.
As acidic properties, the selectivity to butenesesbed in the dehydration reaction of 1-
butanol has been considered. In the case of the pasperties, a similar relationship could
be obtained, but the samples with the presenceoddr@ Ni show a greater performance in
dehydrogenation, related to the properties of tmestals, as already mentioned above from

the TPR analysis performed.

4, Conclusions

A series of LDH with various Mé and a ratio of 3:1 was synthesized using®Al
extracted from saline slags as aluminum sourceth@lsamples have a LDH structure with
differences between samples mainly due to?*Meations. Adsorption experiments of
diclofenac and salicylic acid as examples of enmgrgiontaminants were performed.s&h
and MgAl, present the best adsorption capacity mainly dutheo ability to recover their
LDH structure when rehydrated. The adsorption céipacf the adsorbents correspond quite
well to their acidic properties. Not so much in tese of the basic properties because the
dehydrogenating capacity of the LDH samples is afected by the redox properties of
metals, Ni and Co.

CRediT authorship contribution statement

In this work, Ms L. Santamaria carried out the expents, analyzed results and
involved in writing/revising manuscript; Mr F. Dead and Prof. E.M. Gaigneaux analyzed
the results related to the catalytic performancel-diutanol; Profs S.A. Korili and M.A.

18



Vicente analyzed results and involved in writingfseng manuscript; Prof. A. Gil provided

conceptualization, project administration, manysasiriting and revision guidance.

Declaration of Competing Interest

The authors declare that they have no known comgpéitnancial interests or personal

relationships that could have appeared to influe¢heeavork reported in this paper.

Acknowledgements

This work was funded by the Spanish Ministry of Bwmy, Industry and
Competitiveness (AEI/MINECO), and the European Begi Development Fund (ERDF)
through project MAT2016-78863-C2-R and the Govemimef Navarra through projects
P1017-P1039 CORRAL. LS thanks Universidad PublieaNhvarra for a pre-doctoral grant.

AG also thanks Santander Bank for funding throdnghResearch Intensification Program.

19



References

[1] B. Petrie, R. Barden, B. Kasprzyk-Hordern, Ariesv on emerging contaminants in
wastewaters and the environment: Current knowledgejerstudied areas and
recommendations for future monitoring, Water Res2 72015) 3-27.
https://doi.org/10.1016/j.watres.2014.08.053.

[2] V. Yangali-Quintanilla, S.K. Maeng, T. Fujiokayl. Kennedy, Z. Li, G. Amy,
Nanofiltration vs. reverse osmosis for the rem@famerging organic contaminants in
water reuse, Desalin. Water Treat. 34 (2011) 50-56.
https://doi.org/10.5004/dwt.2011.2860.

[3] A. Gil, N. Taoufik, A.M. Garcia, S.A. Korili, @mparative removal of emerging
contaminants from aqueous solution by adsorptioramractivated carbon, Environ.
Technol. 40, (2019) 3017-3030. https://doi.org/0809593330.2018.1464066.

[4] L. Santamaria, M.A. Vicente, S.A. Korili, A. GEffect of the preparation method and
metal content on the synthesis of metal modifieahtum oxide used for the removal of
salicylic acid under UV light, Environ. Technol. 412020) 2073-2084.
https://doi.org/10.1080/09593330.2018.1555285.

[5] O.M. Rodriguez-Narvaez, J.M. Peralta-Hernandaz,Goonetilleke, E.R. Bandala,
Treatment technologies for emerging contaminantsater: A review, Chem. Eng. J.
323 (2017) 361-380. https://doi.org/10.1016/j.&.2.04.106.

[6] G.Z. Kyzas, M. Kostoglou, Green adsorbents veastewaters: A critical review,
Materials 7 (2014) 333-364. https://doi.org/10.38&07010333.

[7] Commission Decision 2014/955/EU of 18 Deceml2&14, About the Recovery
Processes,Waste Treatments and European Wastes (uogd.). https://eur-
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:0200%32-20150601.

[8] A. Gil, S. Albeniz, S.A. Korili, Valorization bthe saline slags generated during
secondary aluminium melting processes as adsorlientse removal of heavy metal
ions from aqueous solutions, Chem. Eng. J. 251 4p0143-50.
https://doi.org/10.1016/j.cej.2014.04.056.

[9] A. Gil, Management of the Salt Cake from SeamydAluminum Fusion Processes,
Ind. Eng. Chem. Res. 44 (2005) 8852-8857. httms:0/dy/10.1021/ie0508350.

[10] A. Gil, S.A. Korili, Management and valorizati of aluminum saline slags: Current
status and future trends, Chem. Eng. J. 289 (2016%1-84.
https://doi.org/10.1016/j.cej.2015.12.0609.

[11] A.l. Khan, D. O’Hare, Intercalation chemistof layered double hydroxides: recent
developments and applications, J. Mater. Chem. 2D0Z) 3191-3198.
https://doi.org/10.1039/B204076J.

[12] J.T. Kloprogge, D. Wharton, L. Hickey, R.L.dst, Infrared and Raman study of
interlayer anions C§, NO;,, SQ® and CIQ™ in Mg/Al-hydrotalcite, Am. Mineral.
87 (2002).

[13] R. Kumar Allada, A. Navrotsky, J. Boerio-Gositd hermochemistry of hydrotalcite-
like phases in the MgO-AD;-CO,-H,0 system: A determination of enthalpy, entropy,

20



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

and free energy, Am. Mineral. 90 (2005) 329-335.
https://doi.org/10.2138/am.2005.1737.

Z.-M. Ni, S.-J. Xia, L.-G. Wang, F.-F. Xing,.&X. Pan, Treatment of methyl orange by
calcined layered double hydroxides in aqueous ieolutAdsorption property and
kinetic  studies, J. Colloid Interface Sci. 316 (2P0 284-291.
https://doi.org/https://doi.org/10.1016/}.jcis.2007.045.

Y. Zhao, M. Wei, J. Lu, Z.L. Wang, X. Duan,d@é&mplated Hierarchical Nanostructure
of Layered Double Hydroxides with Improved Photabtgis Performance, ACS Nano
3 (2009) 4009-4016. https://doi.org/10.1021/nn9GL05

A.J. Ebele, M. Abou-Elwafa Abdallah, S. Harrd&@harmaceuticals and personal care
products (PPCPs) in the freshwater aquatic enviempEmerg. Contam. 3 (2017) 1—
16. https://doi.org/10.1016/j.emcon.2016.12.004.

M.R. Pino, J. Val, A.M. Mainar, E. Zuriaga, Espafol, E. Langa, Acute toxicological
effects on the earthworrgisenia fetidaof 18 common pharmaceuticals in artificial
soil, Sci. Total Environ. 518-519 (2015) 225-237.
https://doi.org/10.1016/j.scitotenv.2015.02.080.

B. Nunes, Acute ecotoxicological effects ofiedic acid on the Polychaeta species
Hediste diversicolor: evidences of low to modeai@-oxidative effects, Environ. Sci.
Pollut. Res. 26 (2019) 7873-7882. https://doi.dddgi007/s11356-018-04085-y.

Q. Hayat, S. Hayat, M. Irfan, A. Ahmad, Effeat exogenous salicylic acid under
changing environment: A review, Environ. Exp. Bo68 (2010) 14-25.
https://doi.org/10.1016/j.envexpbot.2009.08.005.

M. Cleuvers, Mixture toxicity of the anti-irfmmatory drugs diclofenac, ibuprofen,
naproxen, and acetylsalicylic acid, Ecotoxicol. Eon. Saf. 59 (2004) 309-315.
https://doi.org/10.1016/S0147-6513(03)00141-6.

M. Celi¢, M. Gros, M. Farré, D. Barceld, M. PetréviPharmaceuticals as chemical
markers of wastewater contamination in the vulnerabea of the Ebro Delta (Spain),
Sci. Total Environ. 652 (2019) 952-963.
https://doi.org/10.1016/j.scitotenv.2018.10.290.

CE, Commission Implementing Regulation (EU)130195 of 20 March 2015
establishing a watch list of substances for Uniadewmonitoring in the field of water
policy pursuant to Directive 2008/105/EC of the &pean Parliament and of the
Council, Off. J. Eur. Union. L78/40 (2015) 20-30ttps://doi.org/http://eur-

lex.europa.eu/pri/en/oj/dat/2003/1_285/I_2852003kM0330037.pdf.

L. Santamaria, M. Lopez-aizpun, M. Garcia-padil.A. Vicente, S.A. Korili, A. Gil,
Zn-Ti-Al layered double hydroxides synthesized fralaminum saline slag wastes as
efficient drug adsorbents, Appl. Clay Sci. 187 (@P2 105486.
https://doi.org/10.1016/j.clay.2020.105486.

N. Ayawei, A.N. Ebelegi, D. Wankasi, Modellirgnd Interpretation of Adsorption
Isotherms, J. Chem. 2017 (2017). https://doi.ord/185/2017/3039817.

S. Naseem, B. Gevers, R. Boldt, F.J.W.J. Labagné, A. Leuteritz, Comparison of
transition metal (Fe, Co, Ni, Cu, and Zn) contagnitri-metal layered double

21



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

hydroxides (LDHs) prepared by urea hydrolysis, R&@. 9 (2019) 3030-3040.
https://doi.org/10.1039/c8ral0165e.

W.Y. Hernandez, F. Ali¢, A. Verberckmoes, ParVDer Voort, Tuning the acidic—
basic properties by Zn-substitution in Mg—Al hyaioites as optimal catalysts for the
aldol condensation reaction, J. Mater. Sci. 52 T201 628-642.
https://doi.org/10.1007/s10853-016-0360-3.

C.A. Johnson, F.P. Glasser, Hydrotalcite-lik@nerals (MAI(OH)g(COs)o5xH20,
where M = Mg, Zn, Co, Ni) in the environment: Syedis, characterization and
thermodynamic stability, Clays Clay Miner. 51 (2p03 1-8.
https://doi.org/10.1346/CCMN.2003.510101.

F.Z. Mahjoubi, A. Khalidi, M. Abdennouri, N. &ka, M-Al-SQ layered double
hydroxides (M=Zn, Mg or Ni): synthesis, charactatian and textile dyes removal
efficiency, Desalin. Water Treat. 57 (2016) 2156U675.
https://doi.org/10.1080/19443994.2015.1124055.

R. Manivannan, A. Pandurangan, Formation bylebenzene and styrene by side chain
methylation of toluene over calcined LDHs, Appl.aglSci. 44 (2009) 137-143.
https://doi.org/10.1016/j.clay.2008.12.017.

G.S. Thomas, M. Rajamathi, P.V. Kamath, Diffadnulations of polytypism and
disorder in hydrotalcite, Clays Clay Miner. 52 (200 693-699.
https://doi.org/10.1346/CCMN.2004.0520603.

S. V. Prasanna, P.V. Kamath, C. Shivakumammttsis and characterization of
layered double hydroxides (LDHs) with intercalatddtomate ions, Mater. Res. Bull.
42 (2007) 1028-1039. https://doi.org/10.1016/j.nratbull.2006.09.021.

A. Sato, T., Fujita, H., Endo, T., Shimada, ,M& Tsunashima, Synthesis of
hydrotalcitye-like compounds and their physico-clenproperties, React. Solids, 5
(1988) 219-228. https://doi.org/https://doi.orgMiL6/0168-7336(88)80089-5.

P. Benito, I. Guinea, F.M. Labajos, V. Rivédicrowave-assisted reconstruction of
Ni,Al hydrotalcite-like compounds, J. Solid Statehein. 181 (2008) 987-996.
https://doi.org/10.1016/}.jssc.2008.02.003.

M. Thommes, Physical adsorption charactermratf nanoporous materials, Chemie-
Ingenieur-Technik. 82 (2010) 1059-1073. https:/g/10.1002/cite.201000064.

Q. Li, M. Meng, N. Tsubaki, X. Li, Z. Li, Y. ¥, T. Hu, J. Zhang, Performance of K-
promoted hydrotalcite-derived CoMgAIO catalysts duder soot combustion, NO
storage and simultaneous soot;N®moval, Appl. Catal. B Environ. 91 (2009) 406—
415. https://doi.org/10.1016/j.apcatb.2009.06.007.

A. Gil, M.A. Vicente, S.A. Korili, Effect ofhie Si/Al ratio on the structure and surface
properties of silica-alumina-pillared clays, J. &at 229 (2005) 119-126.
https://doi.org/https://doi.org/10.1016/j.jcat.2008.013.

M. Florea, S. Delsarte, V. Keulen, P. Grangkbutanol dehydration and
dehydrogenation over vanadium aluminium oxynitgdéalysts, Rev. Roum. Chim. 56
(2011) 151-159.

22



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

A. lIriondo, J. Requies, M.B. Gu, P.L. Arias,ioButanol Dehydrogenation to
Butyraldehyde over Cu , Ru and Ru — Cu Supported!/@s . Noble Metal Addition
and Different Support Effects, Catal. Lett. (2012) 50-59.
https://doi.org/10.1007/s10562-011-0725-9.

A. Basi, R. Klimkiewicz, F. Domka, Ru/K@3 catalysts in n -butanol conversion, Appl.
Catal. A Gen. 207 (2001) 287-294.

S. Delsarte, P. Grange, Butan-1-ol and butah-2dehydration on nitrided
aluminophosphatesanfluence of nitridation on reaction pathways,pApCatal. A Gen.
259 (2004) 269-279. https://doi.org/10.1016/j.ap2£103.09.030.

J. Schnee, L. Fusaro, C. Aprile, E.M. Gaigne&eggin BPW;,0,40 pore blockage by
coke can be reversible in the gas phase methasiolia reaction, Catal. Sci. Technol.
7 (2017) 6151-6160. https://doi.org/10.1039/C7CYI¥ID.

O.D. Pavel, D. Tichit, I.C. Marcu, Acido-basand catalytic properties of transition-
metal containing Mg-Al hydrotalcites and their @sponding mixed oxides, Appl.
Clay Sci. 61 (2012) 52-58. https://doi.org/10.1Qtky.2012.03.006.

F. Prinetto, G. Ghiotti, V.P. Giuria, R. DuhrD. Tichit, Investigation of Acid - Base
Properties of Catalysts Obtained from Layered Dewbydroxides, J. Phys. Chem. B.
(2000) 11117-11126. https://doi.org/10.1021/jp0G2i 1

C.D. Baertsch, K.T. Komala, Y.H. Chua, E. g Genesis of Brgnsted acid sites
during dehydration of 2-butanol on tungsten oxidealysts, J. Catal. 205 (2002) 44—
57. https://doi.org/10.1006/jcat.2001.3426.

Berteau, P., Ruwet, M., Delmon, B., Reactiathgvays in 1-butanol dehydration gn
alumina, Bull. Soc. Chim. Belg. 94 (1985) 473-480.

M. Lebn, E. Diaz, S. Orddfez, Ethanol catalytondensation over Mg-Al mixed
oxides derived from hydrotalcites, Catal. Today 16£011) 436-442.
https://doi.org/10.1016/j.cattod.2010.10.003.

V.K. Diez, C.R. Apesteguia, J.I. Di Cosimofdet of the chemical composition on the
catalytic performance of M&IO, catalysts for alcohol elimination reactions, JtaCa
215 (2003) 220-233. https://doi.org/10.1016/S00217903)00010-1.

R. Chadha, N. Kashid, D.V.S. Jain, Microcatoetric studies to determine the
enthalpy of solution of diclofenac sodium, parageibhand their binary mixtures at
310.15 K, J. Pharm. Biomed. Anal. 30 (2003) 1512215
https://doi.org/10.1016/S0731-7085(02)00542-3.

H.B. Guo, F. He, B. Gu, L. Liang, J.C. Smifhime-dependent density functional
theory assessment of UV absorption of benzoic dertvatives, J. Phys. Chem. A. 116
(2012) 11870-11879. https://doi.org/10.1021/jp3ER12

J.S. Valente, F. Figueras, M. Gravelle, P. Kinar, J. Lopez, J.P. Besse, Basic
properties of the mixed oxides obtained by thersetomposition of hydrotalcites

containing different metallic compositions, J. Catdl89 (2000) 370-381.

https://doi.org/10.1006/jcat.1999.2706.

H. Tamura, J. Chiba, M. Ito, T. Takeda, S. ldlwa, Y. Mawatari, M. Tabata,

23



[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Formation of hydrotalcite in aqueous solutions amgrcalation of ATP by anion
exchange, J. Colloid Interface Sci. 300 (2006) 653
https://doi.org/10.1016/}.jcis.2006.04.007.

G.Z. Kyzas, J. Fu, N.K. Lazaridis, D.N. Bikisr K.A. Matis, New approaches on the
removal of pharmaceuticals from wastewaters witbodoent materials, J. Mol. Liq.
209 (2015) 87-93. https://doi.org/10.1016/j.mofie(5.05.025.

M. Essandoh, B. Kunwar, C.U. Pittman, D. Mohdn Misna, Sorptive removal of
salicylic acid and ibuprofen from aqueous solutiaseng pine wood fast pyrolysis
biochar, Chem. Eng. J. 265 (2015) 219-227. httjzs:0rg/10.1016/j.ce}.2014.12.006.

R. Baccar, M. Sarra, J. Bouzid, M. Feki, Pamjuez, Removal of pharmaceutical
compounds by activated carbon prepared from adui@ilby-product, Chem. Eng. J.
211-212 (2012) 310-317. https://doi.org/10.101€yj2©12.09.099.

S. Larous, A.H. Meniai, Adsorption of Diclofao from aqueous solution using
activated carbon prepared from olive stones, Iritly@lrogen Energy 41 (2016) 10380—
10390. https://doi.org/10.1016/}.ijhydene.2016.96.0

S.A. Torrellas, R. Garcia Lovera, N. Escalofa,Sepulveda, J.L. Sotelo, J. Garcia,
Chemical-activated carbons from peach stones far ddsorption of emerging

contaminants in aqueous solutions, Chem. Eng. J9 ZZ015) 788-798.

https://doi.org/10.1016/j.cej.2015.05.104.

S. Jodeh, F. Abdelwahab, N. Jaradat, I. Wavdd,Jodeh, Adsorption of diclofenac
from aqueous solution usin@yclamen persicunmubers based activated carbon
(CTAC), J. Assoc. Arab Univ. Basic Appl. Sci. 20 0(&) 32-38.
https://doi.org/10.1016/j.jaubas.2014.11.002.

C. Jung, X. Chen, J. Cai, H. Lei, I. Yun, JnK Boundary-preserving stereo matching
with certain region detection and adaptive disgaatjustment, J. Vis. Commun.
Image Represent. 33 (2015) 1-9. https://doi.or@d16/j.jvcir.2015.08.010.

B.N. Bhadra, P.W. Seo, S.H. Jhung, Adsorptibdiclofenac sodium from water using
oxidized activated carbon, Chem. Eng. J. 301 (2016)7-34.
https://doi.org/10.1016/j.cej.2016.04.143.

M.D.G. De Luna, Murniati, W. Budianta, K.K.Rivera, R.O. Arazo, Removal of

sodium diclofenac from aqueous solution by adsdsbderived from cocoa pod husks,
J. Environ. Chem. Eng. 5 (2017) 1465-1474.
https://doi.org/10.1016/j.jece.2017.02.018.

24



Captions

Table 1 Diffraction positions, crystallite size,anda parameters of the non-calcined LDH
samples.

Table 2 Textural properties of the non-calcined and c&ldiLDH samples.

Table 3. Mass losses (%) in the steps indicated from teentbgravimetric analyses of the

LDH samples.

Figure 4. TG and DTG curves of the LDH prepared with extrdcéduminum. Total mass
losses: CgAl, = 30.7 %, M@Al, = 45.7 %, N§AI, = 35.83 % and ZgA\l, = 30.94 %.

Table 5. Surface concentration (% atomic) and metals ptapw of the calcined compounds

on the surface of the LDH samples.
Table 6.Butane conversion percentages on the samples.

Table 7. Diclofenac adsorption capacities, comparison oessvactivated carbons obtained

fron different from agro-industrial wastes.

Table 8. Freundlich, Langmuir and Toth parameters for tsogotion of diclofenac by the
LDH. Equilibrium time = 24 h, T= 298 K, pH 6.

Schemell-butanol dehydration pathways.

Scheme21-butanol dehydrogenation pathways.

Figure 1. Powder X-ray diffraction patterns of non-calcir@) and calcined samples (b).
Figure 2. Linear relationship between the dopant ionic radind a-axis cell parameters.
Figure 3. SEM micrographs of the cobalt (a), magnesiumrigkel (c) and zinc (d) samples.
Figure 4. TG and DTG curves of the LDH prepared with extrd@®iminum.

Figure 5. H,-TPR profile of CgAl,, MgsAl,, NigAl, and ZRAl, calcined samples.

Figure 6. NH3 TPD patterns for MgAl, and ZgAl, calcined samples.
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column) and different drug concentrations (secontlimn). Adjustments to pseudo-first
(solid line) and second order (dotted line) mo@etsalso shown.

Figure 8. Kinetic data of salicylic acid adsorbed ong8lp (first range), NjAl, (second
range), MgAl, (third range) and ZgAl, (fourth range) with different amounts of adsorbent
(first column) and different drug concentrationsg@nd column). Adjustments to pseudo-first

(solid line) and second order (dotted line) mo@etsalso shown.

Figure 9. Evolution of the amount of pollutants adsorbedtSexhe 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  doozy  d(oos) Cc d(110) a Crystallite
(nm) (nm) (hm) (nm) (nm) size (nm)
CosAl, 0.759 0.380 2.282 0.155 0.309 12.9
MgeAl, 0.765 0.386 2.307 0.153 0.307 9.5
NigAl 2 0.775 0.387 2.323 0.153 0.305 6.7
ZngAl, 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 SgeT Sext Vip

(m?/g) (m/g) (cm’/g)
uncalcined 141 137 0.0006

C06A|2
calcined 220 169 0.0273
uncalcined 115 103 0.0053

MgeAl
calcined 245 218 0.0127
uncalcined 113 103 0.0042

NigAl
calcined 200 189 0.0042
uncalcined 79 71 0.0037

Zn6A|2
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 823-117/3 K

C06A|2
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
MgeAl
6.8 11.28 23.21 3.29 1.12 45.7
300-500 K 500-650 K 650-850 K 850-1173 K
NigAl,
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
Zn6A|2

1.72 10.45 12.87 3.82 2.08 30.94
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Table 4. Comparison of theoretical remaining mass and medsemaining mass of the

LDH samples.
LDH Theoretical Theoretical Measured Variance from
oxidesstructure remaining remaining theoretical value
mass (%) mass (%)
CosAl,CO(OH)16- 4H:0 50,0, +A1,0; 71.89 69.30 -2.59
MgeAl.CO(OH) 16+ 4H0  g\MgO+ AL, 56.92 54.30 -2.62
NigAl CO3(OH)16* 4H,0 BNIO+ Al,0; 67.89 64.17 -3.72
ZNeAl,CO3(OH) 16~ 4H0 6710+ AlL0, 69.40 69.06 -0.34

30



Table 5. Surface concentration (% atomic) and metals ptapw of the calcined compounds

on the surface of the LDH samples.

Sample  Mé’ Al o) C Metals’
proportions
Co6Al, 25.6 11 60.2 9.8 GAlss
MgeAl,  26.2 8.3 51.9 13.5 M@\ 1.0
NigAl 214 10.7 53.1 14.8 BAI 3
ZngAl, 204 8.8 49.5 21.2 ZAl o6
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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

CogAl 3.7 0.7 4.4 48.6 34.0 14 84
MgeAl» 5.4 46.4 51.8 29.9 7.8 0.1 37.8
NigAl 7.0 0.4 7.4 61.9 25.7 0.6 86.1
ZngAl, 13.2 0.5 13.7 65.0 19.2 0.4 84.6

32



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 + HPO, 159/, 298K, pH4.1 14.80 56.2 [54]
AC from olive stones + HSO, 59g/L, 296 K, pH 4.2 25-150 11.01 [55]
AC from peach stones + HPO, 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 + H,SO, 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]
CogAl, LDH, Al from saline slags 0.1-0.4 mg/L, 298 K, pH 6 8-24 6-38 This work
MgeAl, LDH, Al from saline slags 0.1-0.4 mg/L, 298 K, pH 6 8-24 16-78 This work
NigAl, LDH, Al from saline slags 0.1-0.4 mg/L, 298 K, pH 6 8-24 7-16 This work
ZngAl, 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.

MgeAl, ZneAl >

Freundlich
OF 97 91
me 2.5 2.2
v 1047 1756
R 0.95 0.95
Langmuir
g. (umol/g) 1006 1363
k. (mL/pmol) 0.024 0.020
v 545 167
R 0.98 0.97
Toth
g: (umol/g) 1980 2013
K¢ (mL/umol) 0.043 0.025
mr 0.39 0.54
v 19790 8070
R 0.995 0.999

34



2/\/

2-butene

2/ /\/\OH -2 H,0
\> o) /\/

1-butene

WiVt el Nl N

dibutylether

1-butanol

-1 H,0

Schemell-butanol dehydration pathways.

35



o]

) /\/['L
N on —> H

1-butanol butyraldehyde

/\)OLO/\/\ —>/\)L/\

butyl-butyrate heptan-4-one

Scheme21-butanol dehydrogenation pathways.

36



a C06A|2
b—-k A Y . — A
MggAl,
S
8
>
£ -‘Jk — NigAl,
c
Q
[
o — — ZngAl,
o © —~ —~~ —~~
S 8 88 & g3
S~ —
A u N . VAJ\\’
T T T T T T T T T T .
10 20 30 40 50 60 70
20(°)
Co,0, CogAl,
b
o SR
MgO MgeAl,
/5 g -~
8
P . -
2 [ o
o \
E "
Zno
T T T T T T T T T T T .
10 20 30 40 50 60 70

26(°)
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Figure 3. SEM micrographs of the cobalt (a), magnesiumrizkel (c) and zinc (d) samples.
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losses: CgAl, = 30.7 %, MgAl, = 45.7 %, NdAl, = 35.83 % and ZgAl, = 30.94 %.

40



0.4 - CogAl,
/:'T MgeAl,
< .
3 Zn Al
*g' 1 6" ‘2
A 0.24Cc04 —> CoC
O
l_
0.1+
0.0

T T T T T T T T T T T T T T T T
400 500 600 700 800 900 1000 1100
Temperature (K)

Figure 5. H,-TPR profile of CgAl,, MgsAl,, NigAl, and ZRAl, calcined samples.

41



weak acid sites

|
|
! Medium strenght acid sites
|

— MgsAl,
Zn Al

Intensity (a.u.)

T T T T T T T T T T
400 500 600 700 800 900
Temperature (K)

Figure 6. NH3 TPD patterns for MgAl, and ZgAl, calcined samples.

42




150 80
CogAl, CogAl,
- 60 n =
EE—————e “m-
100+ = 100 mg/dm?) 3
C ® 200 mg/dm? 5 ® 25 umolidm
E A 400 mg/dm? S 404 A 50 pmol/dm?
£ £ = 75 umol/dm?|
= . ]
S 50 © T A
20+ - - o
0+ 01
T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 400
Time (minutes) Time (minutes)
200
2501 L]
2001 150
) )
s 150 3 100
S 5§
S 100 =4
,,,,, 50
50 ® 100 mg/dm® ® 25 pmol/dm?
® 200 mg/dm® A 50 pmol/dm®|
A 400 mg/dm? 04 = 75 pmol/dm?
0 A T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 400
Time (minutes) Time (minutes)
50
NigAl, .
50 R e - NigAl,
R L I
404 / L I
- ry -] 4 s | oAl N —a - - " A
&) ° ¢ &)
g 30 o
£ -
2 S —— p A s El e —e—o
& 204 -7 a 4 &
AA
= 100 mg/dm?®
104 ® 200 mg/dm® ® 25 umol/dm?
A 400 mg/dm® A 50 umol/dm?
® 75 umol/dm®
0 <
T T T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 450
Time (minutes) Time (minutes)
350
5001
300+ —=
400
2504
2
3 300 S 200
o 3 A
g £
2 2004 2 150+ ® 25 umolidm?
c =3 A 50 umol/dm?®
100+ = 75 umol/dm?
100+ = 100 mg/dm? SR Y
® 200 mg/dm? 501
0 A 400 mg/dm?| o]
T T T T

T T T T T
100 150 200 250 300

Time (minutes)

T T T T T T
100 150 200 250 300 350
Time (minutes)

Figure 7. Kinetic data for diclofenac adsorbed ons8ig (first range), NjAl, (second range),
MgsAl, (third range) and ZAl, (fourth range) with different amounts of adsorbénst
column) and different drug concentrations (secontlimn). Adjustments to pseudo-first
(solid line) and second order (dotted line) mo@deésalso shown.

43



40
504 CoAlg CoAl,
40
3 35
S 304 ©°
£ £
2 3
o 204 5
3 10+ 3
104 ® 100 mg/dm ® 25 pmol/dm
® 200 mg/dm® A 50 umol/dm?®
0 A 400 mg/dm? ol ® 75 umol/dm?
T T T T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 450
Time (minutes) Time (minutes)
160 120
1404 M |
1004 9.Alg
1204
_. 100 809
2 2
= 1\ [ =
2 80 S 60
= ]
s 807 S a0 W/
404 100 mg/dm? "
e 200 mg/dm? 204 ® 25 umol/dm?
20 A 400 mg/dm? A 50 umol/dm®|
= 75 pmol/dm®|
04 04
T T T T T T T T T T T T T
0 100 200 300 400 0 50 100 150 200 250 300 350 400 450
Time (minutes) Time (minutes)
120 Ni Al
100
~ 804 —
= o
: :
£ 4
ER ES
& <3
40
3 20
204 : ;33 mg;gms ® 25pumolidm?
+ 100 mg/dm3 A 50 pmol/dm?
mg/dm 3|
04 L =1 oA = 75 pmol/dm
T T T T T T T T T T T T T T
0 100 200 300 1400 1500 0 50 100 150 200 250 300 350 400 450
Time (minutes) Time (minutes)
1004
1204
—n
100+ 80
~ 8041 =
=) 2 60
3 = Zn,Alg
E 60 E 1 A -
2 : Zn Al 2
= _, Alg = 40+
40 ® 25 pmol/dm?
: ;gg mg/dmz 204 . A 50 pmol/dm?
20 mg/dm m 75 pmol/dm?
A 400 mg/dm?
0 0+
T T T T T T T T T T T T T f
0 200 400 600 800 1000 1200 1400 0 100 200 300 400 1400 150C

Time (minutes)

Time (minutes)
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method.

» (CoMgNiZn)/Al-hydrotal cites were used as adsorbents of diclofenac and salicylic acid.
» 1-Butanol conversion was used as a means of acidity and basicity characterization

» The catalytic performance was compared with the adsorption capacity to explain the results

found.
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