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Abstract 

Olive Mill Wastewater (OMW) is a food waste stream resulting from the production of virgin 

olive oil, rich in valuable natural biocompounds, such as vanillic acid, ferulic acid, 

protocatechuic acid, etc. In order to decrease its environmental impact and to exploit the 

antioxidant properties of its phenol-type molecules, OMW was intercalated into ZnAl-LDH, 

as well as some biomolecules composing OMW, for a general concept purpose. Such organo-

modified LDHs were then employed for the preparation of poly(butylene succinate) (PBS) 

and polypropylene (PP) composites through melt blending, to obtain materials with improved 

antioxidant properties and, subsequently, a better durability. A full characterization of LDHs 

in terms of thermal stability (TGA), morphology (XRD) and chemical modification (FT-IR) 

has been carried out. The composites were exposed to UV irradiation through accelerated 

photo-ageing and the molecular modifications were scrutinized by IR spectroscopy, revealing 

a strong protective role of LDH hybrid filler against oxidative process. 
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1. Introduction 

Food waste valorization, considered as energy and/or chemicals source, via biorefinery or 

biotechnology, gained great attention in recent years, because of the fast depletion of primary 

resources, increased waste generation and landfilling worldwide [1]. An aqueous offensive 

waste produced in huge amount in Mediterranean countries is Olive Mill Wastewater (OMW), 

which derives from the production of olive oil. It is characterized by high phytotoxicity and 

unpleasant odor. It can cause pollution of natural waters, since its illegal disposal to surface 

water is unfortunately still practiced [2, 3]. Taking into account that Mediterranean countries 



produce more than 2.4 million tons per year of olives, 90% of which are is meant for olive oil 

production, up to 30 million m
3
 per year of OMW is generated: therefore, its management 

becomes a big issue [4-6]. 

The typical OMW composition includes water (83–94 wt. %), organic compounds (4–16 wt. 

%), and a minor mineral salts fraction (0.4–2.5 wt. %), mostly composed of metals such as K, 

Ca and Na. The 2-15 wt. % of the organic fraction are phenolic compounds such as tyrosol, 

hydroxytyrosol, p-coumaric acid, ferulic acid, syringic acid, protocatechuic acid, tannins, 

anthocyanins, catechol-melaninic polymers, etc. Due to their low partition coefficient, such 

compounds are more soluble in water than oil fraction. Of course, the concentration depends 

on the processing system but it ranges from 0.03 to 11.5 g/L. These phenolic compounds have 

significant bioactivity: they are natural antioxidants, for use in cosmetics, nutraceutical 

preparation and in agronomy [7]. Several physical, chemical and biotechnological approaches 

were attempted to recover biomolecules from OMW, mainly using membrane processes [8-

10] or common extraction procedures [11]. However, the processing costs were identified as 

quite high. 

A new simple and cost-efficient valorization route of OMW, through the preparation of 

multifunctional hybrid systems based on layered double hydroxides (LDHs), is investigated 

here. LDH structure is built of brucite-like layers with edge-sharing M(OH)6 octahedra (M = 

metal). The partial substitution of divalent M
2+

 with trivalent M
3+

 metals induces positive 

charges within the layers, counterbalanced by anions. The general LDH formula is  

[M
2+

1-xM
3+

x(OH)2]
x+

(Ax/m)
x-

nH2O where A is the anion. LDHs are versatile in terms of intra- 

and interlayer composition and can be functionalized through one pot synthesis. Moreover, 

the relative easiness to be scaled-up, together with their biocompatibility makes LDHs 

materials appealing candidates for sustainable solutions. Literature reports examples of LDH 

modified with carboxylates, hydroxyl carboxylate, sulfate and sulfonate, amino-acids, etc. 

[12-18] according to the final properties desired. They are used as catalysts, anion exchangers, 

additives and/or stabilizers in polymer formulations, sorbents and scavengers for pollutants 

[19, 20].  

In this respect, the idea is here to intercalate OMW into LDH host structures in order to 

decrease the environmental impact of such biowaste while exploiting the antioxidant 

properties of the phenol-type molecules present, such as ferulic acid, vanillic acid, 

protocatechuic acid, etc. Such organo-modified LDHs will then be employed as fillers in two 

polymer composites in order to improve their durability. Privas et al. [21] and Thompson et 

al. [22] reported several advantages regarding the incorporation of polyphenol-type molecules 



into LDH structures: they thermally protect the organic molecules, prevent the production of 

inconvenient odors thanks to the interleaving of lignosulfate molecules, and can disguise the 

taste of drug molecules. Hence, the aim of the present work is to target materials that will 

meet multifunctionality of common sense in the applicative domains (e.g. packaging). In fact, 

it is well known that the organic functionalization of LDH induces a strong interaction at the 

interface filler/polymer through its tethered molecules, with consequent notable boosting of 

mechanical and barrier performances. Therefore, multifunctional materials can be achieved. 

To face our concept, polypropylene (PP) and poly(butylene succinate) (PBS) are found to be 

of interest. Indeed, PP is one of the most important thermoplastics, commonly used for 

fabrics, films, bottles, sheets, automotive parts, as well as in pharmaceutical and medical 

device packaging and food packaging, thanks to its toughness and good chemical, fatigue and 

heat resistance. The stabilization of PP from oxidation has been largely reported, and is still of 

industrial interest to replace commonly used banned antioxidant organic molecules [23, 24]. 

PBS is a biodegradable polyester with adequate mechanical properties but low melt strength 

and viscosity, therefore its application in thermoplastic processing, in terms of foaming and 

filming, is limited [25]. The enhancement of its durability can widen its potential fields of 

application. 

Other natural antioxidants used in polymeric materials are carotenoids, flavonoids and 

phenolic polymers such as lignin [26, 27] but further research is necessary to apply them 

routinely in polymers processing and application.  

On the basis of such considerations, OMW was used as intercalating agent in ZnAl-LDH and, 

for comparative reasons, some model systems were also prepared by intercalating some 

antioxidant molecules, chosen among the ones present in OMW. The organo-modified LDHs 

were employed for the preparation of PBS and PP composites through classical melt blending. 

Physico-chemical characterizations of the resulting « green » organo-modified LDH and their 

state of dispersion within the associated polymer composites were investigated by FT-IR, 

TGA, DSC and XRD, respectively. The composite samples were then exposed to UV 

irradiation in an accelerated photo-ageing device and the modifications in their structures 

were analyzed by IR spectroscopy. 

 

2. Experimental 

2.1 Materials 

Sodium hydroxide, sodium carbonate, aluminum nitrate Al(NO3)3∙9H2O (purity ≥ 98%), 

zinc nitrate Zn(NO3)2∙6H2O (purity 98%), vanillic acid (VA, purity ≥ 97%), trans-ferulic 



acid (FA, purity 99%), protocatechuic acid (PA, purity ≥ 97%) and ethanol were purchased 

from Aldrich Chemical. All the materials were used as received. The olive mill wastewater 

(OMW) was supplied by Sant’Agata d’Oneglia (Imperia, Italia) and concentrated prior to 

use. Its main chemical features were as follows: Chemical Oxygen Demand (COD) 43.5 ± 

1.6 g/L; Total Organic Compound (TOC) 4.51 ± 0.65 g GA eq/L (GA = gallic acid); Total 

Suspended Solids (TSS) 39200 ± 4808 mg/L. PBS (Natureplast PBE003, Mw 84000, PDI 

2.4) was supplied by Natureplast and PP (DM55pharm, Melt Flow Rate (230 °C/2,16 kg) 

2,8 g/10min) by Borealis. 

2.2 LDHs syntheses 

2.2.1 Single Anion and Olive Mill Wastewater coprecipitation 

The coprecipitation procedure was previously reported [28]. Briefly, 50 mL of deionized 

water solution containing 31.2
 
mmol of Zn(NO3)2·6H2O and 15.6 mmol of Al(NO3)3·9H2O 

were added dropwise (flow rate 0.3 ml/min), during 3 h, in a reactor containing 62.4
 
mmol 

of VA in 100 mL of ethanol/deionized water (60/40), under vigorous magnetic stirring. 

The pH was maintained at 9.5 (± 0.1) through dropwise addition of NaOH solution (100 

ml, 5M). The reaction was carried out under nitrogen atmosphere to avoid the presence of 

carbonate. The suspension was stirred for 3 h, at room temperature (around 20 °C). The 

solid material was separated and submitted to 6 cycles of washing by ethanol/deionized 

water (3/2) centrifugation in order to eliminate the excess of VA and NaOH. Centrifuge 

was set at 4500 rpm and each cycle lasted around 20 minutes. The sample was labeled as 

Zn2Al/VA. The other LDHs were similarly prepared, with a ratio Zn
2+

/Al
3+

 = 2 and an 

input anion ratio A
-
/Al

3+
 = 4 during the coprecipitation, where A = VA, FA, PA. The 

products were oven-dried, overnight at 40 °C. Colored powders were obtained: Zn2Al/VA 

light caramel, Zn2Al/FA light yellow, and Zn2Al/PA dark brown (Figure 1).  

OMW intercalated LDH was similarly prepared and the waste was previously concentrated 

with a rotary evaporator: from 10 liters to almost 1 liter, 60 ml of which were used for the 

coprecipitation. The final product was a beige/brown powder, labeled as Zn2Al/OMW 

(Figure 1).  

A sample with carbonate was also synthesized for comparison (Zn2Al/C): metals were 

added dropwise, under air atmosphere, to a deionized water solution containing Na2CO3 

[29]. The anion ratio was CO3
2-

/Al
3+

 = 2; after several washing in deionized water and 

drying in oven overnight at 40 °C, a white powder was obtained. 

2.2.2 Mixed LDH systems (Double/Triple Anion co-intercalation) 



The coprecipitation procedure for the mixed systems was similar to the procedure reported 

above. The anion ratio was A
-
/Al

3+
 = 2 for FA and PA in Zn2Al/FA-PA, and A

-
/Al

3+
 = 1.3 

for VA, FA, PA in Zn2Al/VA-FA-PA. After washing and drying, a brown powder was 

obtained (Figure 1).  

 

 

 

 

 

 

 

 

 

Figure 1. Image of the organo-modified LDHs: (A) Zn2Al/FA-PA, (B) Zn2Al/VA-FA-PA, 

(C) Zn2Al/OMW, (D) Zn2Al/VA, (E) Zn2Al/FA Zn2Al/PA. 

 

2.3 Nanocomposites preparation 

The mixture between polymer and 5 wt. % of hybrid LDH was melt-extruded by a 

twin screw co-rotating extrusion using a Haake MiniLab Micro Compounder 

(Thermo Electron Corporation, Germany) operating at 135 °C (PBS) and 180 °C 

(PP) with a rotating speed of 100 rpm for 5 min. The samples were named 

PBS:Zn2Al/X or PP:Zn2Al/X, according to the LDH used. References without filler 

were also extruded (PBS and PP).  

2.4 Accelerated photoageing procedure  

Film samples with a thickness of about 100 μm, were exposed to UV irradiation at 60 °C in 

a dry accelerated photoageing device (based on SEPAP 12/24 device) [30, 31]. This 

polychromatic set-up was equipped with a medium pressure mercury source filtered by 

borosilicate envelope (Mazda type MA 400) supplying radiation of wavelengths longer 

than 300 nm. The temperature of samples was controlled at 60 °C by a Pt probe (Pt1000) in 

contact with a polyethylene film, connected to 3 fans on the walls of the device. Films 

were analyzed after various exposure times by FT-IR spectroscopy. Such approach is a 

rapid, mainly non-destructive and highly relevant method to study ageing processes 

involved in the environmental degradation of polymers, described in ISO/DIS 10640.  

      (A)                         (B)                                       (C) 

 

   (D)                           (E)                                       (F) 

 

 



2.5 Measurements  

FT-IR analysis has been conducted on LDH samples over the wavenumber range of 

650-4000 cm
-1

 using a Perkin Elmer Spectrum One spectrometer equipped with a 

Universal ATR Sampling Accessory. All the composites were analyzed from 400 to 

4000 cm
-1

 in transmission mode by using a Thermo Scientific Nicolet 6700 FT-IR 

instrument. A single film was analyzed after different UV exposure times. Each 

spectrum was obtained from 32 scans with a resolution of 4 cm
-1

.  

Thermogravimetric analysis (TGA) was performed in air atmosphere using a Perkin 

Elmer TGA7 apparatus (gas flow 30 ml/min) at 10 °C min
-1

 heating rate from 50 to 

900 °C for all the samples. The onset degradation temperatures (Tonset) were set at 

the intersection of the tangents between the initial and inflection points. The 10 and 

50% mass loss temperatures (T
10

D, T
50

D) were also measured. 

The calorimetric analysis (DSC) was carried out by means of a Perkin-Elmer DSC6 

under nitrogen flow. To erase any previous thermal history, the samples (ca. 10 mg) 

were first heated at 20 °C min
-1

 to 140 °C (PBS) or 220 °C (PP), kept at high 

temperature for 2 min, and then cooled down to -60 °C at 10 °C min
-1

. The samples 

were then analyzed by heating from -60 °C to 140 °C (PBS) or 220 °C (PP) at 10 °C 

min
-1

 (2
nd 

scan). During the cooling scan the crystallization temperature (TC) and the 

enthalpy of crystallization (ΔHC) were measured. During the 2
nd

 heating scan the 

glass transition temperature (Tg), the melting temperature (Tm) and the 

corresponding enthalpy (ΔHm) were measured. Tg was taken as the midpoint of the 

heat capacity increment associated with glass-to-rubber transition.  

XRD measurements were carried out at room temperature with a Bragg/Brentano 

diffractometer XPERT-PRO with Cu Kα radiation (λ = 0.154 nm, 

monochromatisation by primary graphite crystal) generated at 40 mA and 40 kV. 

Samples were measured in steps of 0.07°, over 2θ range of 2.2-80°.  

TGA, XRD and FT-IR measurements were repeated 3 times, giving high reproducible data. 

Low molecular weight phenols (namely, gallic acid, hydroxytyrosol, 3,4-

hydroxybenzoic acid, tyrosol, vanillic acid, syringic acid, p-coumaric acid, ferulic 

acid, trans-cinnamic acid, 3-(3,4-dihydroxycinnamate) were individually analyzed 

via HPLC-DAD reverse phase system (Beckman Coulter, USA). Concentration of 

total phenols was spectrophotometrically determined on the same samples employed 

in HPLC analyses, by using protocatechuic acid as the analytical standard.  

 



3. Results and Discussion  

3.1 Hybrid LDH fillers  

In the present study, Olive Mill Wastewater, a biowaste rich in polyphenols, i.e. natural 

antioxidant molecules, was used as intercalating agent in a Zn/Al layered double hydroxide 

host structures, with the aim to endow the hybrid filler with interesting properties as 

polymer filler. For comparative purposes, three model systems were also prepared through 

the intercalation of vanillic acid (VA), protocatechuic acid (PA) and trans-ferulic acid 

(FA), the typical chemical structures of the main components present in OMW. In addition, 

two mixed systems were also prepared by simultanous coprecipitation of FA, PA and VA, 

or just FA and PA, trying to simulate a complex medium containing more than one 

bioactive molecule, as in OMW. 

The total organic compound (TOC) of the OMW studied was 4.51 ± 0.65 g GA eq/L (GA 

= gallic acid): this value confirms the high amount of phenols present. More specifically, 

HPLC analysis of OMW reveals the presence of the following phenolic compounds in 

order of amount (Table 1): protocatechuic acid > vanillic acid > trans-cinnamic acid > 

gallic acid > chlorogenic acid.  

  



 

Phenolic Compound Concentration in OMW (μM) Formula 

Protocatechuic Acid 249.3 ± 12.8 

 

Vanillic Acid 70.1 ± 5.3 

 

trans-Cinnamic Acid 44.1 ± 8.0 

 

Gallic Acid  17.3 ± 0.8 

 

Chlorogenic Acid 12.1 ± 1.7 

 

Table 1: Composition of Olive Mill Wastewater (OMW).
 

Infrared spectroscopy was employed to check how successful the intercalation procedure 

was, thus providing information on the presence of phenolic anion into LDH network. 

ATR FT-IR spectra of the model molecules VA, FA and PA and their respective 

intercalated LDHs are shown in Figure 2. As can be seen the phenolic O-H stretching band 

is found around 3400 cm
-1

, while the O-H from carboxylic group overlaps the C-H 

stretching in the 3100–2980 cm
-1

 region. The typical v(C=O) vibration is located around 

1670 cm
-1

. Absorptions at almost 1375 and 1280 cm
-1

 are assigned to OH bending and C-O 

stretching of the phenyl group, respectively. The aromatic ring bands are visible around 

1595-1520 cm
-1

, while the sharp bands around 1050 and 750 cm
-1

 are assigned to the C-H 

out of plane bending vibrations of benzene. The electrostatic interaction between anionic 

forms of VA, FA, PA and cationic LDH layers determines the splitting of carboxylic acid 

stretching into asymmetrical vas(COO
-
) and symmetrical vs(COO

-
) at around 1560 cm

-1
 and 

1390 cm
-1

. When interpreting the IR spectra of the carboxylate group, the energy 

difference between symmetric and asymmetric stretching (Δνa-s) was often utilized to 

determine the geometry of carboxylate and its interaction with counterion. For example, 



the Δνa-s value was the largest when the carboxylate was unidentate to cation and it 

decreased in ionic state or bidentate coordination. The calculated Δνa-s values for 

Zn2Al/VA, Zn2Al/FA, Zn2Al/PA, are 200, 193, and 210 cm
−1

, fairly similar to the values 

obtained from the corresponding salts, revealing that the anions moieties were 

electrostatically stabilized in ionic form [32, 33]. Shifts of C=C, C-O stretching vibrations 

of the aromatic ring, as well as the aromatic C-H out of plane, are also visible in LDHs 

profiles. Moreover, the O-H vibrations from layer hydroxyl groups and interlayer water are 

visible at 3480 cm
-1

 (Figure 2a, 2c, 2e). Such spectra are consistent with previously 

reported infrared spectra of VA and FA intercalated LDHs [32, 34, 35]. 

Concerning the mixed systems Zn2Al/FA-PA and Zn2Al/VA-FA-PA, IR spectra are 

difficult to disentangle. However, three main vibration bands are pronounced, around 

1370, 1270, and 800 cm
-1

, which probably result from more than one functional group. 

Even if the FT-IR spectrum of OMW may at the first glance be compared to VA-FA-PA, 

the IR absorption bands do not superimpose (Figure 3). Zn2Al/OMW has been compared to 

pristine OMW solution and a powder was obtained from its direct filtration. The 

Zn2Al/OMW IR absorption profile (Figure 3c-3d) presents broad bands (around 1600, 

1380 and 1100 cm
-1

) preventing any possible assignment. However, the shift in absorption 

bands and the absence of other bands compared to the OMW solution (broad bands at 

3300, ≈ 1680, 1140, 1020, 870 cm
-1

) and its precipitate (bands at 3300, 2930-2850, 1710, 

1630, 1160, 1030, 870 cm
-1

), suggest a selective interaction with some molecules. The 

latter observation underlines the fact that LDH is acting as a molecular sieves retaining 

molecules in strong interaction with LDH platelets. Such chemical speciation may be of 

interest to isolate molecules. The absorption centered at approximately 3380 cm
-1

, 

indicates the stretching frequency mode of O–H groups in the brucite-like layer, interlayer 

water and phenolic groups. The bands ascribed to the lattice vibration modes of M–O and 

O–M–O are clearly visible in all LDH sample profiles, at low wavenumbers. So infrared 

spectroscopy confirms the organo-modification of all the LDHs prepared.  



 

 

 
 

Figure 2. FT-IR of the organo-modified LDHs with VA, FA, PA, compared to the pristine 

molecules (left side), zoom region on the right side. 
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Figure 3. FT-IR of the mixed systems compared to the single molecule intercalated LDHs, 

Zn2Al/OMW compared to OMW solution and its precipitate (left side), zoom region on the 

right side. 

 

Code Interlayer 

distance  

c’=d003 (Å)
a 

c=3c’ 

(Å)
b 

d110 

(Å)
c 

a=2d110 

(Å)
d 

M
II
/M

III 

Ratio
e 

A/M
III 

Ratio
e 

T
10

D 

(°C)
f 

Residue 

(%)
f 

Zn2Al/C 7.5 22.5 1.53 3.06 2.00 n.d. 202 66 

Zn2Al/VA 21.0 63.0 1.52 3.04 2.00 4.00 269 35 

Zn2Al/FA 17.7 53.1 1.52 3.04 2.00 4.00 253 39 

Zn2Al/PA 16.5 49.5 1.55 3.10 2.00 4.00 319 54 

Zn2Al/FA-PA  14.4 43.2 1.54 3.08 2.00 2.00 287 52 

Zn2Al/VA-FA-PA 11.2 33.6 1.53 3.06 2.00 1.30 291 48 

Zn2Al/OMW 11.0 33.0 1.52 3.04 2.00 n.d. 288 78 

a
c’ is determined by the (003) reflection; 

b
c is the total thickness of the brucite-like layers and the interlayer distance; 

c
Determined by the (110) reflection; 

d
a (lattice parameter) is related to the cation-cation distance; 

e
Metal cations ratio and anion ratio charged during the syntheses; 

f
Determined by TGA under air flow, at 10 °C min

-1
.  

Table 2: Cell parameters and thermal data of the organo-modified LDHs. 
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Figure 4 displays the X-ray patterns of an LDH carbonate (Zn2Al/C, Miller indices are 

indicated) and of all the hybrid LDHs. Structurally, LDH structure is usually described in 

R-3m rhombohedral symmetry, showing the presence of harmonic peaks (00l) at lower 

angles and the (110) diffraction line close to 60° providing interlamellar and intralamellar 

information, respectively. For the hybrid LDH materials, the molecule size of the 

sequestrated anion and their associated accommodation within the interlayer gallery can be 

extrapolated from d003 [36] and resulted to be 21.0, 17.7, 16.5 Å for Zn2Al/VA, Zn2Al/FA, 

Zn2Al/PA respectively (Table 2). Concerning FA, Kang et al. [35] reported a d-value of 

approximately 17.2 Å and hypothesized, as possible interlayer molecular arrangement of 

FA between LDH layers, a perpendicular packing in a zig-zag manner with alternating 

phenol–acrylate π–π interaction. This is here consistent with Zn2Al/FA and most probably 

a similar accommodation is present for Zn2Al/PA as well. Similar systems reported in 

literature could confirm such a type of accommodation [16, 28]. Concerning Zn2Al/VA, by 

considering 8.3 Å as the length of VA [34], and 4.8 Å the size of the brucite-like layer, an 

anion bilayer arrangement may be surmised.  

The X-ray profiles of the mixed systems Zn2Al/FA-PA and Zn2Al/VA-FA-PA, as well as 

Zn2Al/OMW, exhibit a broad halo at low angles, thus suggesting. that the number of 

stacked platelets should be low, i.e. small coherence size along the stacking direction 

making it difficult to address the nature of the interleaved anions. Additional sharp 

diffraction peaks are observed for most of the hybrid LDH phase and are even more 

pronounced in the case of Zn2Al/OMW, where two different contaminations seem to be 

present. More in detail, the reflections at 18, 28, 34, 48, 54, 56° (marked with * in Figure 

4) can probably refer to boehmite. Yang et al. [37] indeed reported the transformation 

mechanism of the typical MgAl-LDH and revealed that, at the first stage of the synthesis, 

amorphous colloidal hydroxide aluminum is formed from the aluminum precursor salt 

solution. Then, the amorphous hydroxides are transformed into the crystallites of oxide-

hydroxide aluminum boehmite -AlOOH. Therefore, it would mean that the 

coprecipitation of LDH in presence of OMW is not 100% efficient in yielding LDH 

structure. The reflections at 32, 39° (marked with ◦ in Figure 4) are ascribable to a non-

specific organic/inorganic salt. In order to identify such salt, the powder obtained from the 

direct filtration of OMW has been also analysed, and it was found out that the only 

crystalline component probably present is CaSO4 (profile not shown). In any case, such 

considerations may explain the smaller amount of organic in that hybrid (found by TGA 

and discussed below) taking into account the formation of another inorganic material (-



AlOOH) unable to trap organic guests. It is interesting to highlight that both the mixed 

system Zn2Al/VA-FA-PA and Zn2Al/OMW feature a close interlayer distance, namely 11 

Å. This suggests a similar arrangement of the guest anions. 

 
Figure 4: XRD profiles of as-prepared hybrid LDHs. Miller indices are indicated for LDH 

carbonate (* possible boehmite γ-AlOOH; ◦ non-specific organic/inorganic salt). 

 

The results of the thermogravimetric analysis are reported in Table 2 while the 

thermogravimetric profiles are visible in Figures 5-6. The degradation occurs in three main 

stages for VA, PA and FA. The corresponding LDHs show three main weight losses as 

well as the corresponding mixed systems and Zn2Al/C (as reference), which displays the 

typical profile for such LDH type [16]. Adsorbed and interlayer water lose weight at the 

first step. The succeeding degradation stages correspond to the competitive 

dehydroxylation of the layers and to the decomposition of the intercalated carbonate or 

antioxidant species that is evidenced in both the Zn2Al/C and the synthesized hybrid 

samples, respectively. The residue consists of mixed metal oxides. The total mass loss, 

which gives an indication of the organic content, is low for Zn2Al/OMW (22%). On the 

other hand all the other LDHs have higher total mass losses around 50/60 wt. % (Table 2). 

This is consistent with the concomitant formation, for Zn2Al/OMW, of another inorganic 

material, unable to trap the organic guest, as previously discussed, as well as a possible 

poorer “anion”/Al ratio, respect to other samples. As far as thermal stability is concerned, 

in terms of T
10

D, the order is Zn2Al/PA > Zn2Al/VA-FA-PA > Zn2Al/OMW > Zn2Al/FA-

PA >Zn2Al/VA >Zn2Al/FA > Zn2Al/C.  
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By observing the TGA profiles (Figure 5) of the single molecule intercalated LDHs, it is 

evident a shift to higher temperatures respect to the profiles corresponding to the pristine 

molecules VA, FA, PA: therefore, as As expected, the LDH structure has a 

thermoprotective role against the biomolecules, enhancing their thermal stability. This 

allows the persistence of the bioactivity in LDH and, in turn, into the polymer 

formulations. 

 

Figure 5: TGA profiles of the single molecule intercalated LDHs (straight lines) compared to 

pristine organic molecules (dashed lines): vanillic acid, trans-ferulic acid and protocatechuic 

acid. 
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Figure 6: TGA profiles of all the LDHs prepared together with Zn2Al/C as reference. 

 

3.2 Nanocomposites 

The organo-modified LDHs have been dispersed into PBS and PP by melt blending, in 

order to enhance their antioxidant performances. An amount of 5 wt. % of filler was used 

according to a previous study reporting this to be suitable to maintain the UV-stability of 

similar antioxidant molecules in PBS composites [38]. The melt-blending procedure, 

already described in previous papers [14, 16], proves to be an effective method to reach an 

adequate filler dispersion. The degree of dispersion of the organo-modified LDHs in both 

matrices was evaluated by XRD analysis (Figures 7-8).  

PBS composites (Figure 7) show the diffraction peaks at 2θ = 19.7, 22.0, and 22.9° 

assigned to (020), (021), and (110) planes of PBS α crystals [39]. Then, according to 

literature, LDH does not substantially modify the crystalline phase of PBS [40]. 

PBS:Zn2Al/FA presents a small reflection around 5°, ascribable to the pristine Zn2Al/FA 

clay while all the other traces do not show reflections at low angles. Therefore, an 

exfoliation process had probably occurred in all samples, with the exception of 

PBS:Zn2Al/FA, where an intercalated system is still depicted.  
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Figure 7: XRD profiles of PBS and its composites.  

 

Concerning PP composites (Figure 8), no diffraction lines at low 2θ angles, ascribable to 

the pristine filler, are visible, suggesting the possible achievement of an exfoliation state. 

The diffraction lines for α-PP were observed at 2θ = 14.1, 16.9, 18.5, 21.1 and 21.8°, 

corresponding to the reflection planes (110), (040), (130), (111) and (041), respectively, of 

the α-monoclinic PP structure [41] (Figure 8b). A reflection was observed at about 2θ = 

16.0° in PP homopolymer, corresponding to the (300) plane of the β form of PP, which 

presents a trigonal structure [12, 42]. In almost all composites, such β-phase assigned (hkl) 

of (300) is more pronounced. Therefore, LDHs platelets seem to partially convert the 

structural organization of PP from α to β-phase. These findings are in agreement with 

Leroux et al. [12], who found that β-phase in polypropylene was promoted by developing 

an interfacial attrition, due the modified LDH and hence the generation of β-phase crystals 

during composite formation. The formation of β-phase crystals has implications leading to 

higher impact strengths [43]. Moyo et al. also observed that LDH promotes β-phase 

nucleation in PP [42]. 
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Figure 8: XRD profiles of PP and its composites a) and zoom region b).  

 

Concerning the calorimetric data, the melting temperatures of both series of samples 

remain fairly constant, namely around 115 °C for PBS and 164 °C for PP nanocomposites 
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(Table 3). No significant differences are related to the crystallization temperatures in PBS, 

while in PP samples some composites crystallize at a slightly higher temperature, 

indicating a moderate nucleating effect of the filler toward the matrix. In both series a 

decrease in enthalpy values seems to be present in almost all composites with respect to 

PBS and PP, thus highlighting a slight hindering effect of the LDH. Considering the glass 

transition temperature of all samples, a small decrease of its value might indicate that the 

presence of the rigid nanosheets of fillers causes an increment of the free volume. 

TGA thermograms and data are reported in ESI (Figures S1-S2) and Table 3, respectively. 

The thermal stability of PBS, as already reported in previous papers [16, 17], is not 

improved by LDH because the metals can catalyze the intermolecular and intramolecular 

transesterifications and the water released can cause chain hydrolysis. On the other hand, 

LDH improves the thermal stability of PP, as observed by TGA curves (Figure S4), Tonset 

and T
50

D values reported in Table 3. In particular, T
50

D values are higher as compared to PP, 

consistently with previous findings [42, 44, 45]. A more detailed description is reported in 

ESI.  

Sample 
Tg

 

(°C)
a 

TC 

(°C)
b 

∆HC 

(J/g)
b 

Tm
 

(°C)
a 

∆Hm 

(J/g)
a 

Tonset 

(°C)
c 

T
50

D 

(°C)
c 

Residue 

(%)
c
 

PBS -29 85 63 115 51 381 400 0.0 

PBS:Zn2Al/VA -29 84 53 116 44 367 387 2.4 

PBS:Zn2Al/FA -30 84 62 116 51 349 385 2.7 

PBS:Zn2Al/PA -30 85 60 117 52 373 395 2.3 

PBS:Zn2Al/FA-PA -32 85 59 116 49 367 389 3.1 

PBS:Zn2Al/VA-FA-PA -31 85 59 116 45 365 388 3.0 

PBS:Zn2Al/OMW -31 85 58 116 45 363 385 4.7 

PP -3 115 77 164 61 301 336 0.0 

PP:Zn2Al/VA -5 119 74 164 59 288 345 0.2 

PP:Zn2Al/FA -6 118 75 164 59 317 360 0.9 

PP:Zn2Al/PA -4 116 77 164 58 310 363 1.5 

PP:Zn2Al/FA-PA -5 117 74 164 54 313 359 1.6 

PP:Zn2Al/VA-FA-PA -5 115 69 164 51 278 339 1.1 

PP:Zn2Al/OMW -4 115 74 164 55 307 348 2.3 

a
Determined by DSC during the 2

nd
 heating scan; 

b
Determined by DSC during the cooling scan from the melt at 10 °C min

-1
; 

c
Determined by TGA under air flow, at 10 °C min

-1
.  

 

Table 3: DSC and TGA results of PBS, PP and composites. 

 



3.3 Durability of nanocomposites 

To investigate the durability of the polymer composites, their films were submitted to 

accelerated photoageing experiments in SEPAP device. Three time-resolved processes 

occur in PBS during photooxidation: a) oxidation of the alcoholic end groups, leading to 

oligomers with carboxyl chain ends; b) the hydroperoxides formed by R-H abstraction 

undergo thermal degradation to produce different oligomers; c) Norrish I chain cleavage 

reaction, which generates specific oxidation products [46]. The chemical modifications 

taking place under photoageing can be evaluated by transmission IR spectroscopy because 

of the significant changes in the two vibration zones around 1710 cm
−1 

and 3500 cm
−1

, 

where carbonylated and hydroxylated species absorb, respectively. Such bands can be 

quantitatively related to the amount of oxidation [47, 48]. Because of the high content of 

ester groups in PBS, the hydroxyl band (3500 cm
−1

) is taken into account as a mark of 

photooxidation products formation and in Figure 9 the kinetic curves, displaying the 

evolution of hydroxyl absorbance as a function of photoageing time, are shown. A 

significant delay of the induction period is visible in composites traces respect to PBS, as 

well as a slowing-down of the growing trace as a function of ageing time. Indeed, the level 

of oxidation in composites starts to increase after 150 hours of UV exposure. This clearly 

demonstrates a protective role of all hybrid LDHs towards PBS. It is notable that the level 

of oxidation after 300 h, as measured through an increase in the products formation, so 

inversely in a stability ranging as: PBS < PBS:Zn2Al/OMW < PBS:Zn2Al/FA < 

PBS:Zn2Al/VA-FA-PA < PBS:Zn2Al/VA < PBS:Zn2Al/FA-PA ≈ PBS:Zn2Al/PA. The 

above series can be accounted as the oxidative sensitivity sequence for PBS samples. 

Similar conclusions can be carried out for PP samples. The first step of its photooxidation 

mechanism is the formation of hydroperoxides, which can decompose to produce alkoxy 

radicals. Such radicals can abstract a hydrogen on the polymeric backbone or undergo a b-

scission, producing alcohols, ketones and a macro-radical. The macro-radical undergoes to 

further oxidation: carboxylic acids and some other carbonylated products are formed [49]. 

Figure 10 plots the kinetic curves of carbonylated photo-products, and the protective role 

exerted by LDH towards PP is clear. The homopolymer indeed starts to degrade almost 

immediately, without an induction period and the growing of carbonylated photo-products 

is fast. On the other hand, the level of oxidation in composites starts to increase after 80 h 

of UV exposure and the growing is slower respect to PP: It is interesting to note that the 

level of oxidation after 160 h, measured through the products formation, increases 

according to the same order with respect to PBS samples so inversely in a stability ranging 



as: PP < PP:Zn2Al/OMW < PP:Zn2Al/FA ≈ PP:Zn2Al/VA-FA-PA < PP:Zn2Al/VA < 

PP:Zn2Al/FA-PA < PP:Zn2Al/PA.  

In both cases, the polymer free of filler degrades more rapidly and the organo-modifying 

agent PA provides the better behavior, alone or combined with FA, while VA seems to be 

not suitable, alone or combined with FA and PA. The latter observation for the mixture 

VA-FA-PA is consistent with the results gathered for PP:Zn2Al/OMW. 

The antioxidant activity of polyphenols is due to the hydrogen atom transfer from the 

phenolic hydroxyl group to the reacting radical. The activity is affected by the number and 

position of phenolic OH groups and the presence of substituents, because they affect the 

energy barrier required for H abstraction. The energy barrier significantly decreases with 

the increase in number of hydroxyl groups if they are in the orto-position, while the effect 

of additional hydroxyl groups is smaller, if they are located in the para- and meta-positions. 

This can be the reason of the better perfomances of PA [26]. 

 

Figure 9: Kinetic curves of hydroxylated photo-products from oxidation of PBS (the film was 

destroyed after 300 h) and its composites: evolution of hydroxyl absorbance at 3260 cm
-1

 as a 

function of photoageing time at λ > 300 nm at 60 °C.  
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Figure 10: Kinetic curves of hydroxylated photo-products from oxidation of PP (the film was 

destroyed after 200 h) and its composites: evolution of carbonyl absorbance at 1712 cm
-1

 as a 

function of photoageing time at λ > 300 nm at 60 °C.  

 

4. Conclusion 

This work demonstrates the possibility of exploiting the olive mill wastewater, without any 

pre-treatment, in multifunctional polymeric composites, through intercalation into a ZnAl-

LDH. To confirm the success of this strategy, some LDHs with model molecules, chosen 

among those present in OMW, such as vanillic acid, protocatechuic acid and trans-ferulic 

acid, were also prepared.  

It is notable that the organo-modification occurred in all the series of hybrid LDHs. The PP 

composites result in having higher thermal stability as compared to the virgin PP polymer.  

All the LDHs prepared proved to be effective in protecting the polymer matrices against 

oxidation and thermal decomposition. Therefore olive mill wastewater, whose 

management is a big issue in Mediterranean countries, finds here a new and simple 

valorization route, improving the durability of both PBS and PP polymers. 

Such strategy offers great advantages since the biowaste was used without any pre-

treatment, thus avoiding the high processing costs required by the common extraction 
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procedures necessary to recover biomolecules from OMW. Also, considering that improper 

disposal can cause pollution, a further bioremediation step can be prevented.   

Moreover, a further optimization of OMW valorization could be obtained through the 

isolation of PA, the main constituent of OMW, that contributes to a stronger protection 

against UV radiation, improving the antioxidant properties of the final material.  

Furthermore, since such hybrid materials are potentially exploitable for active packaging 

application, mechanical and antibacterial properties will be investigated in a future work. 
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TGA thermograms, related to the nanocomposites prepared, are reported in Figures S1-

S2, The thermal data are reported in Table 3 of the main text. 

PBS and its composites lose weight in one main decomposition step in the range 360–

375 °C. The thermal stability of PBS, is not improved by LDH. The nanocomposites are 

characterized by Tonset and T
50

D always located at lower temperatures than that of PBS. 

This is attributed to the presence of metals, that can catalyze the intermolecular and 

intramolecular transesterifications of the polyesters, or to accelerated chain hydrolysis 

arising from water released from the decomposed LDH. In any case the degradation 

temperatures are consistently higher than the melting temperatures of PBS and the relative 

composites: therefore, it is expected that polymer processing occurs without degradation 

problems. The residues are almost consistent with the charge loading.  

On the other hand, LDH improves the thermal stability of PP, as observed by TGA 

curves (Figure S2) and Tonset and T
50

D values (Table 3, main text). In particular, T
50

D values 

are higher respect to PP (e.g. 363°C for PP:Zn2Al/PA respect to 336 °C for PP). During 

combustion, LDHs lose interlayer water and intercalated anions, and they dehydroxylate to 

a mixed metal oxide. These processes absorb large amounts of heat, diluting the 

concentration of oxygen and hence working as a heat sink. Additionally, the formation of 

metal oxides contributes to the creation of char, which ultimately forms a barrier against 

heat and mass transfer.  

 

 

 

 

 

Figure S1. TGA profiles of PBS and its composites. 



 

Figure S2. TGA profiles of PP and its composites. 
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