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Abstract: The potential use of paper sludge (PS) as filler in the production of bio-composites based 

on poly lactic acid (PLA) and polybutylene adipate terephthalate (PBAT) was investigated. 

PS/PLA/PBAT composites, with addition of acetyl tributyl citrate (ATBC) as biobased plasticizer, 

were produced with PS loadings up to 30 wt.% by twin-screw extrusion followed by injection 

moulding. The composites were characterized by rheological measurements, thermogravimetric 

analysis (TGA), differential scanning calorimetry (DSC) and mechanical tests (tensile and impact 

resistance) to study the effect of PS on the processability, thermal stability, crystallinity and mechan-

ical performance of polymeric matrix. The optimized composites at higher PS content were success-

fully processed to produce pots for horticulture and, in view of this application, preliminary phyto-

toxicity tests were conducted using the germination test on Lepidium sativum L. seeds. Results re-

vealed that developed composites up to 30 wt.% PS had good processability by extrusion and injec-

tion moulding showing that PS is a potential substitute of calcium carbonate as filler in the produc-

tion of bio-composites, and the absence of phytotoxic effects showed the possibility of their use in 

the production of pots/items for applications in floriculture and/or horticulture.  
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1. Introduction 

New environmental and circular economy politics demand for the development of 

100% bio-based closed loops maximizing the re-usage of each component present into the 

waste processing streams of the industries [1,2]. Therefore, sustainable strategies are nec-

essary to deal with the large amounts of industrial by-products finding viable commercial 

applications.  

Within this framework, the European paper and board industry accounted for more 

than 14 million tons of waste in 2019, where 54.5% of them derived from recycled paper 

production [3]. The main goal of the recycling process is to reclaim cellulose fibers while 

retaining paper quality both in terms of mechanical and optical properties.  

In order to reuse those fibers, all the contaminants present have to be removed thus 

leading to the onset of different kinds of sludge which need to be properly disposed. Ac-

cordingly, the tissue paper production from recycled paper generates paper sludge (PS) 

up to 150 kg dry solids/tons of product [4]. 

The common disposal strategies for PS concern the landfilling and/or incineration, 

but several potential re-uses deriving from its composition can be explored [5,6]. PS, on 

dry basis, is mainly composed of short cellulose fibers and inorganic fillers as calcium 

carbonate (CaCO3) (added along the production stage of recovered paper to achieve an 
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improvement in its mechanical and optical properties) [6], small amount of heavy metals 

and functional and process chemicals.  

Among the several valorization alternatives proposed for PS, biochar derived from 

its pyrolysis was employed in soil remediation contaminated by heavy metals due to its 

high contents of cellulose and reduced toxic components [7,8]. Moreover, PS can be con-

verted into high-grade fuel and chemicals by different thermochemical approaches to pro-

vide energy [9]. Several studies have been reported also on the use of PS as filler in the 

manufacture of building materials (e.g., cements, bricks, concrete) [10,11].   

Due to its high content of CaCO3, many studies have carried out on the use of PS as 

filler or reinforcing in composites with thermoplastic polymers as polypropylene (PP) 

[12,13], high density polyethylene (HDPE) [14–16], and recycled HDPE [17].  

In this context one of the major concerns to reach a practical application is to guarantee a 

sufficient interfacial filler/polymer matrix adhesion to improve the stress transfer between 

the two components. The polar-hydrophilic nature of paper sludge fibers with respect to 

the typically nonpolar-hydrophobic thermoplastic matrix needs the application of specific 

approaches aimed at improving the fibre-matrix interfacial bonding. This issue was ad-

dressed by grafting polymer matrix with hydrophilic functional group [18] or by using 

compatibilizers that bond the non-polar polymer matrix to the polar fibers [19].  

The potential use of PS as filler in thermoplastic composites was extended to bioplas-

tics as poly lactic acid (PLA) and polybutylene adipate terephthalate (PBAT) in the present 

work. PLA is one of the most studied renewable polymers, fully biobased and composta-

ble. It represents a sustainable alternative to petro-derived plastics for a large variety of 

applications, ranging from the industrial to biomedical field. However, its brittleness and 

its poor barrier properties restrict its range of application [20]. To overcome these draw-

backs, several strategies have been proposed as modification of the chemical structure of 

PLA chains by co-polymerization of lactide with different monomers [21]; and formula-

tion of PLA-based blends by melt blending [22]. Among them, blending is a much more 

practical and cost-effective method compared to co-polymerization and, for these reasons, 

is the more frequently used method at industrial level. In this case, by adjusting the weight 

ratio between the selected polymers, tuning of mechanical and thermal properties of the 

blends can be achieved. Several binary and ternary blends with ductile polymers to im-

prove PLA reduced toughness and flexibility have been reported in literature [23]. Among 

them, PBAT blended with PLA at percentages from 10 to 25 wt.% shows to be a valid 

toughening agent leading to a significant improvement of the elongation at break and 

Charpy impact resistance [24]. Ternary plasticized blends PLA/PBAT coupled with a pol-

yolefin elastomer grafted with glycidyl methacrylate (POE-g-GMA) with addition (10 

wt.%) of a biobased plasticizer were carried out to achieve an additional increase of the 

impact properties and tensile flexibility [25]. In particular, two different plasticizers were 

evaluated, one not reactive as acetyl tributyl citrate (ATBC) and one reactive as glycidyl 

ether (EJ-400), to further increase the polymers mobility, connected to the improvement 

of the elongation at break maintaining an adequate impact resistance. 

In this work, PS/PLA/PBAT/ATBC composites were produced with different PS load-

ings (10, 20 and 30 wt.%) by twin-screw extrusion. The produced composites were char-

acterized by rheological measurements, thermogravimetric analysis (TGA), differential 

scanning calorimetry (DSC) and mechanical tests (tensile and impact resistance) to study 

the effect of PS loading on the processability, thermal stability, crystallinity and mechani-

cal performance of polymeric matrix. The optimized composites were processed by injec-

tion molding to produce pots for horticulture and, in view of this application, preliminary 

phytotoxicity tests based on the germination index of Lepidium sativum L. seeds were con-

ducted using eluates of PS and PS-based composites.  
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2. Materials and Methods 

2.1. Materials  

The materials used for the production of the bio-composites were the following.  

Paper sludge (PS) was provided by Lucart S.p.A. (Lucca, Italy) in form of amorphous 

grey granular material with an apparent density of 0.97 g/cm3. 

PLA2003D (extrusion grade) was purchased from NatureWorks (Minnetonka, Mn, 

USA) having a melt flow index (MFI): 6 g/10 min (210 °C, 2.16 kg), nominal average molar 

mass: 180,000 g/mol, density: 1.24 g/cm3. It contains about 4% of D-lactic acid units which 

lower the melting point and crystallization tendency, improving the processability during 

the melt extrusion. 

PBAT Ecoflex® C1200 was purchased from BASF (Ludwigshafen am Rhein, Ger-

many). It is a biodegradable, random aliphatic-aromatic co-polyester based on the mono-

mers 1.4-butanediol, adipic acid and terephthalic acid, having an MFI: 4 g/10 min (190 °C, 

2.16 kg), nominal average molar mass: 126,000 g/mol, density: 1.26 g/cm3. 

Acetyl tributyl citrate (ATBC) was purchased from Tecnosintesi S.p.A (Bergamo, It-

aly); it was used as biobased and biodegradable plasticizer. It is a colourless and odourless 

liquid having a density of 1.05 g/cm3 and a molar mass of 402.5 g/mol. 

Calcium carbonate, CaCO3, (OMYACARB 1-AV) was purchased from Omya 

(Avenza/Carrara, Italy) and used as inorganic filler (average particle diameter of 1.6 μm). 

Calcium Stearate was purchased from Kemistab (Barcelona, Spain) and used as 

demoulding lubricant. It is a white powder with an acid value of 2% and calcium content 

of 7 wt.%. 

2.2. Methods  

2.2.1. Paper Sludge Pre-treatment 

PS was initially conditioned in a ventilated oven at 55 °C for 24 h, in order to make it 

sufficiently dry for the subsequent pulverization, carried out in a Fritsch pulveriser at 

20,000 rpm with a 2 mm grid.  

The resultant powder was then dried in an oven at 105 °C for 24 h. After drying, the sam-

ple was subjected to a second pass in the pulveriser. A small part of the obtained powder 

(below 2 mm) was used for the subsequent characterizations and the rest was used for the 

production of the composites. 

2.2.2. Composites Production  

In choosing the composition of the biocomposites to be studied, previous experiences 

on binary and ternary blends based on PLA, PBAT and ATBC were taken into account 

[24,25]. Ratio PLA/PBAT of 3.5 was used with the addition of ATBC as plasticizer to in-

crease the ductility of the composite and counteract the expected fragility due to the ad-

dition of filler. 

Grinded PS (with or without calcium carbonate) was fed by a gravimetric side feeder 

in a COMAC EBC 25 HT (Milan, Italy) co-rotating twin-screw extruder with L/D = 44 to-

gether with PLA/PBAT granules (fed by the main feeder) and the liquid plasticizer fed by 

injection. The composition of the different produced composites is shown in Table 1. The 

extruded filaments were cooled in a water tank, blown with an air fan and then pelletized 

into 1 mm diameter granules. The granules were dried in a PIOVAN DP 604-615 dryer 

(Venice, Italy) at 50 °C for 24 h and, then, used for the subsequent characterizations and 

processing by injection molding.  

As shown in Table 1, in the Matrix1 and Matrix1c the ratio PLA/(PBAT + ATBC) was 

always kept constant at 2.3 and in the Matrix1c, calcium carbonate was added as inorganic 

filler to evaluate the effect of mixture PS/CaCO3 and to compare the effect of PS to that of 

CaCO3. In all the formulations 1 wt.% (respect to the total of filler) of calcium stearate has 
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been added to the filler in order to improve its flow-ability and to achieve a more homo-

geneous distribution within the polymer matrix [26]. 

Table 1. Composition of produced biocomposites (wt %). 

Sample PLA PBAT ATBC  CaCO3 PS  
Total 

Filler 

Ratio 

PLA/PBA

T 

Ratio 

PLA/(PBAT + 

ATBC) 

Matrix1 70 20 10 0 0 0 3.5 2.3 

Matrix1_10 63 18 9 0 10 10 3.5 2.3 

Matrix1_20 56 16 8 0 20 20 3.5 2.3 

Matrix1_30 49 14 7 0 30 30 3.5 2.3 

Matrix1c_10 63 18 9 10 0 10 3.5 2.3 

Matrix1c_20 56 16 8 10 10 20 3.5 2.3 

Matrix1c_30 49 14 7 10 20 30 3.5 2.3 

2.2.3. Lab-scale Injection Moulding 

Using the Haake Minilab-MiniJet microcompounder (Thermofisher, Karlsruhe, Ger-

many) (Figure 1a), the granules (Figure 1 b,c) at different composition were used to pro-

duce "dog bone" specimens (Haake III Type 557-2290, size: 25 × 5 × 1.5 mm3) for the tensile 

tests (Figure 1d) and specimens (ISO179:2010 [27], size: 80 × 10 × 4 mm3) for the Charpy 

impact tests.  

 

Figure 1. (a) Haake MiniLab mini-extruder equipped with Haake MiniJet II injection moulding (b) granules of Matrix1; (c) granules 

of Matrix1_20 d)dog bone specimens containing 10, 20 and 30 % wt. of the PS (Matrix1 series). 

The operating conditions in minilab and Minijet were set as follows: injection cham-

ber temperature: 190 °C, screw rotation speed: 100 rpm, mould temperature: 43–45 °C, 

injection pressure: 770 bar, pressure application time: 9 s, post pressure: 400 bar, post-

pressure time: 15 s. 

2.3 PS and Composite Characterizations 

Powdered PS was analysed by scanning electron microscope (SEM) FEI Quanta 450 

FEG (ThermoFisher, Waltham, MA, USA) equipped with a large field detector for low kV 
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imaging simultaneous secondary electron (SE). The sample was previously gold sputtered 

by using a sputter coater Edward S150B. 

Thermogravimetric analysis (TGA) was conducted on the grinded PS using a TA Q-

500 thermobalance (TA Instruments, Waters LLC, New Castle, DE, USA) to assess the 

thermal stability of the material and, consequently, the feasibility of its use at extrusion 

processing temperatures of PLA/PBAT matrix (180–200°C). About 20 mg of sample was 

heated in N2 from room temperature to 800 °C at 10 °C/min and the weight and rate of 

weight loss as a function of temperature were recorded. 

Differential scanning calorimetric (DSC) analysis was conducted on the Matrix1 se-

ries using a Pyris (Perkin Elmer Instrument, Waltham, MA, USA) equipped with a Perkin 

Elmer IntraCooler 1 as a refrigerating system. The samples were subjected to 1st heating 

from 20 to 160 °C at a rate of 10 °C/min, followed by cooling from 160 to 20 °C at a rate of 

20 °C/min and 2nd heating from 20–200 °C at a rate of 10 °C/min. 

The crystallinity percentage (Xcc) of PLA in the binary blends was calculated as follow 

Equation (1): 

���(���) =
∆��(���) − ∆���(���)

∆�°�(���)�����
× 100 (1)

where ΔHm(PLA) is the PLA melting enthalpy, ΔHcc(PLA) is the PLA cold crystallization en-

thalpy, and ΔH°m(PLA) is the melting enthalpy of 100% crystalline PLA, taken equal to 93 

J/g [28], wtPLA is the total mass fraction of PLA in the blends. As a reference with pure PLA, 

a sample injection moulded dog-bone specimen of pure PLA was also thermal character-

ized. 

Quasi-static tensile tests were carried out at room temperature on dog-bone speci-

mens in accordance with ASTM D 638 with a crosshead speed of 10 mm/min, by an Instron 

5500R universal testing machine (Canton, MA, USA) equipped with a 1 kN load cell, and 

interfaced with a computer running MERLIN Instron software 2.0 (Instron, Canton, MA, 

USA). 

Charpy impact tests were performed at room temperature on 2-mm V-notched spec-

imens using a 15 J Charpy pendulum (CEAST 9050, Instron, Canton, MA, USA) following 

the standard method ISO 179:2000.  

For each mechanical test, at least five replicates were carried out. 

Rheological analysis of the Matrix1 and its composites was carried out using an Anton 

Paar MCR 92 rheometer (Anton Paar, Graz, Austria), with parallel-plate setup (25 mm 

diameter, 1 mm gap), in the temperature range of 160–200 °C and at frequencies in the 

range 0.314–28 rad/s. All measurements were conducted under 0.2% strain to ensure that 

they were done in the linear viscoelastic region. The storage modulus G′, the loss modulus 

G" and complex viscosity η* were recorded as a function of angular frequency ω. All the 

samples were dried before testing and three replicates were carried out for each sample. 

The optimized composites were used to produce pots for horticulture by injection mould-

ing in order to validate their industrial processability. 

Finally, in view of the potential use of PS-based composites for the production of 

items for applications in agriculture, a preliminary phytotoxicity test was performed us-

ing Lepidium sativum L. seeds exposed to eluates from powdered PS and pellets containing 

30 wt.% PS (sample Matrix1_30). Powdered PS and pellets of size below 2 mm were sub-

jected to extraction in deionised water for 24 h (1:10 g:mL). The extract was then filtered 

through 0.45 µm filter membranes and aliquots of 2.5 mL of eluate, as it is (100%) and 

diluted with deionised water (50%), were placed in Petri dishes (diameter of 90 mm) con-

taining a Whatman filter paper disc. In each capsule, 10 seeds of L. sativum were added. 

The seeds inside the capsules were incubated in a thermostatic chamber at a temperature 

of 24–26 °C for 72 h [28]. 

The germination index (GI) of Lepidium sativum L. seeds was calculated by the Equa-

tion (2) [29]: 
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��(%) =
�� ∙ ��

�� ∙ ��
× 100 (2)

where: Gc and Gt is number of germinated seeds in the sample and with the deionised 

water, respectively; Lc and Lt is mean root length in the sample and with the deionised 

water, respectively. Three replicates were performed for each sample (Figure 2).  

 

Figure 2. Set-up of the L. sativum seed germination test and germinated seeds after 72 h. 

3. Results and Discussion 

3.1. Morphological Analysis  

Figure 3 shows SEM images of the grinded-dried PS at various magnifications.  

It can be seen irregular, cracked, and short fibres, mixed with aggregates of mineral 

particles (calcium carbonate). These fibres have length of 200–500 microns with a diameter 

of around 10 microns (average L/D = 35).  

 

Figure 3. - SEM images of pulverised PS at various magnifications: x500 (left) and x1600 (right). 

3.2. Thermogravimetric Analysis 

Figure 4 shows the thermogravimetric (TG) and derivate thermogravimetric (DTG) 

curves of the PS obtained under nitrogen atmosphere as a function of temperature.  

As can be seen, the PS has an initial weight loss of about 4% from room temperature 

to 105 °C due to the moisture adsorbed before the test; up to 220 °C PS is thermally stable 

and starts to degrade after 220 °C with a weight loss of 16% up to 390 °C, attributable to 

the decomposition of hemicelluloses and cellulose of fibres [30]. At higher temperatures 
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the decomposition of the organic fraction is completed and the decomposition of the cal-

cium carbonate starts above 600 °C [31]. Thus, the thermal stability of PS up to 220 °C 

attests its suitability to be processed with PLA/PBAT matrix having extrusion tempera-

tures below these values and, consequently, no significant PS degradation is expected 

during its processing by extrusion.  

 

Figure 4. TG and DTG curves of the paper industry residue. 

3.3. Tensile Tests 

Table 2 shows the effect of the amount and nature of filler (PS or PS/CaCO3) on the 

tensile properties of the various developed composites. In addition, to facilitate the com-

parison between the various formulations and to better analyze the effect of PS content 

and the total filler content on the mechanical properties of the PLA/PBAT/ATBC matrix, 

the results of tensile test are reported in Figure 5.  

Table 2. Results of tensile tests of the biocomposites studied.  

Sample 
Young’s  

Modulus (GPa) 

Stress at 

Yield 

(MPa) 

Yield  

Elongation 

(%) 

Stress at Break 

(MPa) 

Elongation at 

Break (%) 

Matrix1 1.5 (0.15*) 16.1 (1.9*) 5.6 (1.1*) 22.2 (0.6*) 483.2 (10.4*) 

Matrix1_10 1.5 (0.27*) 13.5 (1.6*) 6.1 (1.8*) 16.5 (1.6*) 372.0 (12.8*) 

Matrix1_20 1.8 (0.17*) 13.3 (1.0*) 5.8 (0.7*) 12.0 (0.2*) 119.7 (2.6*) 

Matrix1_30 2.0 (0.26*) 16.2 (1.4*) 5.2 (1.1*) 12.3 (0.5*) 35.6 (5.7*) 

Ma-

trix1c_10 
1.8 (0.06*) 25.7 (2.1*) 4.4 (0.81*) 26.8 (0.7*) 445.1 (17.7*) 

Ma-

trix1c_20 
1.9 (0.04*) 25.0 (0.5*) 4.3 (0.75*) 21.8 (0.1*) 330.4 (7.3*) 

Ma-

trix1c_30 
2.1 (0.10*) 23.8 (0.02*) 4.7 (0.03*) 15.3 (0.1*) 79.0 (31.6*) 

* Standard deviation. 
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Figure 5. Tensile properties of Matrix1 and Matrix1c composites. 

It can be firstly noticed, in general, that the elastic modulus increased with the addi-

tion of filler (PS or mixture PS/CaCO3) and a concomitant reduction of the stress at break 

occurred, more pronounced for the composites with only PS as filler (series Matrix1). 

Given that the fibres are irregular, cracked, and short, mixed with aggregates of mineral 

particles, it was expected that there would be a reduction in elongation at break compared 

to the matrix. The cause is related to the increasing of stress intensification points and 

defects that lead to specimen failure even at lower breaking load values. On the other 

hand, it has been observed an increase in stiffness in all the biocomposites. 

These results can be attributed to poor interfacial interactions that markedly reduce 

the stress transfer from the matrix to the fibres, leading to lower tensile strength, as evi-

denced by several works [32–35] where the resulting composites exhibited higher elastic 

modulus but lower tensile strength compared to pure matrix.  

Concerning the difference observed between the Matrix1 and Matrix1c composites, 

with the same total filler content, this can attributable to greater heterogeneity of the PS, 

consisting of inorganic aggregates and short hemicellulose/cellulose fibres, and larger par-

ticle size compared to the used calcium carbonate which leads to a worse distribution of 

the PS in the matrix with consequent worsening of the breaking load and elongation. In 

any case, acceptable values of tensile strength are obtained even with 30 wt.% of PS (Ma-

trix1_30); for this reason, the following characterizations were focused on the Matrix1 se-

ries where only PS was used as alternative to calcium carbonate, traditionally used as an 

inorganic filler in polymeric matrices. 

3.4. Charpy Impact Resistance 

The impact strength values (Table 3) obtained for Matrix1 composites showed that the 

energy absorbed was approximately three times lower than the matrix Matrix1, but higher 

than the typical values obtained for PLA-based composites containing lignocellulose fi-

bres [36,37]. In any case, the values remain sufficiently high, also up 30 wt.% PS, for their 

use in the production of items as plant pots. 
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Table 3. Charpy Impact Strength values for Matrix1 series. 

Sample Charpy Impact Strength (kJ/m2) 

Matrix1 13.24 (0.99*) 

Matrix1_10 5.41 (0.14*) 

Matrix1_20 4.74 (0.30*) 

Matrix1_30 4.20 (0.45*) 

3.5. Rheological Tests 

Figure 6 shows the complex viscosity curves obtained for the Matrix1 composites by 

rotational rheometer at different temperatures (160–190 °C). All samples showed a shear-

thinning as behaviour, without presence of plateau at low frequencies. At the investigated 

temperatures, the viscosity of Matrix1_30 was the highest, as expected, the viscosity of 

Matrix1_10 was intermediate while Matrix1 and Matrix1_20 showed the lowest viscosi-

ties, often overlapping or very similar. At high frequency, the viscosity of Matrix 1_30 

continued to be higher and Matrix1_20 with lower viscosity at temperatures of 170-190 

°C; only at 160 °C, the lower the content the lower the viscosity observed. These results 

can be attributable to the degradation that PS can induce on the PLA by extrusion and 

subsequent heating during the rheological analysis [38]. In fact, cellulose and residual in-

ner moisture can induce hydrophilic degradation in PLA at high temperatures [39]. So, at 

high temperatures, up to 20 wt.% PS the effect of degradation of PLA, induced by the 

hemicellulose/cellulose fibres of PS, determined the increase of fluidity of the composites, 

whereas at higher PS content (30 wt.%) the filler effect on viscosity overcame the degra-

dation effect. In any case, at high frequencies, all composites showed an adequate viscos-

ity for their process-ability by injection moulding.  
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Figure 6. Rotational rheometer measurements at different temperatures. 

3.6. DSC Analysis 

DSC analysis was conducted to assess the effect of PS on polymer matrix transitions. 

Figure 7 shows the DSC curves of the 2nd heating of PLA and Matrix1 series, and Table 4 

shows the average values of Xcc (crystallinity percentage), glass transition temperature, 

Tg, crystallization temperature and enthalpy, Tc and Δhc, melting temperature and en-

thalpy, Tm and Δhm.  

Table 4. Data obtained from DSC measurement. 

Sample Tg (°C) Tc (°C) Δhc (J/g) Tm (°C) Δhm (J/g) X cc (%) 

PLA 64.0 115 - 165.0 17.6 18.9 

Matrix1 45.0 95.1 12.9 153.3 31.3 28.3 

Matrix1_10 43.1 97.0 12.4 152.0 32.6 34.5 

Matrix1_20 44.9 92.7 13.3 155.0 32.4 36.7 

Matrix1_30 44.6 97.5 13.5 155.6 33.5 43.9 
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Figure 7.DSC Thermogram of Matrix1 series compared with pure PLA. 

From the comparison between the thermograms of PLA and of Matrix1, it can be 

noticed that PLA shows a wide event between 90 and 140 °C with a minimum at about 

115°C, attributable to the cold crystallization of the polymer during the 2nd heating. The 

same exothermic event resulted more evident in the Matrix1 and occurred at a lower tem-

perature (96 °C), indicating a higher crystallization capacity of the sample, due probably 

to the presence of the PBAT. In fact, PBAT can act as nucleation agent by promoting PLA 

crystallization [40,41]. Moreover, as also described by Haddar and Qiao [16,19], PS, used 

as a filler in HDPE-based composites, can promote a slight increase in the crystallinity of 

HDPE. 

As can be observed, similarly to the Tg, also the melting temperature of Matrix1 is 

lower than that of neat PLA. In any case, the presence of PS, even at 30 wt.%, did not 

appreciably modify the characteristic temperatures and relative enthalpies of the Matrix1.  

3.7. Injection Moulded Pots Production 

On the basis of the good results obtained in terms of process-ability, rheological and 

mechanical properties, Matrix1_20 and Matrix1_30 were selected to carry out the indus-

trial moulding of plant pots at Nuova Pasquini e Bini S.P.A. (Lucca, Italy), a pots moulding 

company. Matrix1_20 and Matrix1_30 were chosen given their high PS content and, con-

sequently, more economically competitive than filler-free matrix.  

Figure 8 shows photos of the moulded pots (18 cm in diameter) for nurseries. No 

problem occurred during the moulding phase, the production speed was only reduced 

due to the longer times required for cooling the mould, reaching 150 pots/h.  

The products were flexible and passed the crash test and qualitative analysis con-

ducted on site. 



Materials 2021, 14, 2688 12 of 15 
 

 

 

Figure 8. Injection molding pots of Matrix1_30 formulations. 

3.8. Phytotoxicity Test 

In view of the potential use of PS in PLA/PBAT-based composites for the production 

of items for agriculture such as pots, as investigated in this work, a preliminary phytotox-

icity test was performed using eluates extracted from grinded PS and Matrix1_30 gran-

ules. Figure 9 shows some photos of set-up used to obtain the eluates and the resultant 

eluates. 

 

Figure 9. (a) Set-up for the preparation of the eluates and (b) the eluates obtained from PS and 

graules containing 30 wt.% PS (Matrix1_30). 

The germination indices obtained, at the end of the incubation period of L. sativum 

seeds, are reported in Table 5. As shown, the GI values were well above the GI threshold 

value of 60%, considered safe for eluates obtained from compost [42], and well above 

those found with deionised water (control). These results indicate, therefore, that both the 

PS as it is and Matrix1_30 granules result not potentially phytotoxic.  

It should be noted that in the case of the eluate obtained with PS, roots up to 78 mm 

long were obtained, evidencing also radicalization in the paper filter.  
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Table 5. Germination index (GI) of L sativum seeds. 

Sample 
PS Matrix1_30 

100% eluate 50% eluate 100 % eluate 

IG (%) 204  110 123 

4. Conclusions 

In the present work, the possibility of using paper sludge (PS) as filler in bio-compo-

sites based on PLA/PBAT and ATBC was investigated. The produced bio-composites 

showed a good process-ability by extrusion and injection moulding up to 30 wt.% PS, 

successfully obtaining mould pots for horticulture. Preliminary phytotoxicity tests con-

ducted using Lepidium sativum L. seeds showed positive effects of PS eluates on both ger-

mination and root elongation. The good process-ability by extrusion and injection mould-

ing of the developed composites up to 30 wt.% PS showed that this waste form paper 

industry is a real and competitive substitute of calcium carbonate as filler in the produc-

tion of bio-composites for applications in floriculture and/or horticulture. 

Author Contributions: Conceptualization, A.L., Maurizia Seggiani and P.C.; methodology, M.S. 

(Maurizia Seggiani); formal analysis, V.G. and Marco Sandroni; investigation, V.G. and M.S. (Marco 

Sandroni); resources, A.L.; writing—original draft preparation, M.S. (Maurizia Seggiani), V.G., 

R.D.A.; writing—review and editing, M.S. (Maurizia Seggiani) and R.D.A. and P.C.; supervision, 

M.S. (Maurizia Seggiani); project administration, M.S. (Maurizia Seggiani); funding acquisition, 

M.S. (Maurizia Seggiani) All authors have read and agreed to the published version of the manu-

script. 

Funding: This research was funded by Fondazione Cassa di Risparmio di Lucca (Lucca, Italy) - Re-

search call 2019-2021 (Project BIOTEMA).  

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available on request from the 

corresponding author. 

Acknowledgments: The authors would like to thank Lucart S.p.A. (Lucca, Italy) for providing the 

paper sludge, Nuova Pasquini and Bini S.p.A. (Altopascio, Italy) for moulding of pots using the 

developed composites, Niccoletta Barbani for her support in carrying out the TG and DSC analyses; 

Irene Anguillesi for her support in carrying out the rheological tests and Centre for Instrumentation 

Sharing, University of Pisa (CISUP) for its support in the use of FEI Quanta 450 FEG scanning elec-

tron microscope. 

Conflicts of Interest: The authors declare no conflict of interest 

References 

1. Carbonell-Verdu, A.; Boronat, T.; Quiles-Carrillo, L.; Fenollar, O.; Dominici, F.; Torre, L. Valorization of Cotton Industry By-

products in Green Composites with Polylactide. J. Polym. Environ. 2020, 28, 2039–2053, doi:10.1007/s10924-020-01751-6. 

2. La Mantia, F.P.; Morreale, M. Green composites: A brief review. Compos. Part A Appl. Sci. Manuf. 2011, 42, 579–588, 

doi:10.1016/j.compositesa.2011.01.017. 

3. Confederation of European Paper Industries (CEPI). 2019 European Pulp & Paper Industry; Confederation of European Paper 

Industries (CEPI): Brussels, Belgium, 2019. 

4. Deviatkin, I. Wastewater treatment and deinking sludge utilization possibilities for energy and material recovery in the Lenin-

grad region. Master’s Thesis, Lappeenranta University of Technology, Lappeenranta, Finland, 2013. 

5. Monte, M.C.; Fuente, E.; Blanco, A.; Negro, C. Waste management from pulp and paper production in the European Union. 

Waste Manag. 2009, 29, 293–308, doi:10.1016/j.wasman.2008.02.002. 

6. Tofani, G.; de Nys, J.; Cornet, I.; Tavernier, S. Alternative Filler Recovery from Paper Waste Stream. Waste Biomass Valorization 

2021, 12, 503–514, doi:10.1007/s12649-020-01011-7. 

7. Paz-Ferreiro, J.; Plasencia, P.; Gascó, G.; Méndez, A. Biochar from Pyrolysis of Deinking Paper Sludge and Its Use in the Reme-

diation of Zn-polluted Soils. L. Degrad. Dev. 2017, 28, 355–360, doi:10.1002/ldr.2597. 

8. Méndez, A.; Paz-Ferreiro, J.; Araujo, F.; Gascó, G. Biochar from pyrolysis of deinking paper sludge and its use in the treatment 

of a nickel polluted soil. J. Anal. Appl. Pyrolysis 2014, 107, 46–52, doi:10.1016/j.jaap.2014.02.001. 



Materials 2021, 14, 2688 14 of 15 
 

 

9. Lou, R.; Wu, S.; Lv, G.; Yang, Q. Energy and resource utilization of deinking sludge pyrolysis. Appl. Energy 2012, 90, 46–50, 

doi:10.1016/j.apenergy.2010.12.025. 

10. Yan, S.; Sagoe-Crentsil, K.; Shapiro, G. Reuse of de-inking sludge from wastepaper recycling in cement mortar products. J. 

Environ. Manag. 2011, 92, 2085–2090, doi:10.1016/j.jenvman.2011.03.028. 

11. Singh, S.K.; Kulkarni, S.; Kumar, V.; Vashistha, P. Sustainable utilization of deinking paper mill sludge for the manufacture of 

building bricks. J. Clean. Prod. 2018, 204, 321–333, doi:10.1016/j.jclepro.2018.09.028. 

12. Qiao, X.; Zhang, Y.; Zhang, Y. Ink-eliminated paper sludge flour as filler for polypropylene. Polym. Polym. Compos. 2003, 11, 

321–326, doi:10.1177/096739110301100407. 

13. Ismail, H.; Salmah; Bakar, A.A. The effect of paper sludge content and size on the properties of polypropylene (PP)-ethylene 

propylene diene terpolymer (EPDM) composites. J. Reinf. Plast. Compos. 2005, 24, 147–159, doi:10.1177/0731684405042955. 

14. Hamzeh, Y.; Ashori, A.; Mirzaei, B. Effects of Waste Paper Sludge on the Physico-Mechanical Properties of High Density Poly-

ethylene/Wood Flour Composites. J. Polym. Environ. 2011, 19, 120–124, doi:10.1007/s10924-010-0255-3. 

15. Haddar, M.; Elloumi, A.; Koubaa, A.; Bradai, C.; Migneault, S.; Elhalouani, F. Synergetic effect of Posidonia oceanica fibres and 

deinking paper sludge on the thermo-mechanical properties of high density polyethylene composites. Ind. Crop. Prod. 2018, 121, 

26–35, doi:10.1016/j.indcrop.2018.04.075. 

16. Haddar, M.; Elloumi, A.; Koubaa, A.; Bradai, C.; Migneault, S.; Elhalouani, F. Effect of High Content of Deinking Paper Sludge 

(DPS) on the Reinforcement of HDPE. J. Polym. Environ. 2017, 25, 617–627, doi:10.1007/s10924-016-0837-9. 

17. Elloumi, A.; Makhlouf, M.; Elleuchi, A.; Bradai, C. The potential of deinking paper sludge for recycled HDPE reinforcement. 

Polym. Compos. 2018, 39, 616–623, doi:10.1002/pc.23975. 

18. Elloumi, A.; Makhlouf, M.; Elleuchi, A.; Bradai, C. Deinking Sludge: A New Biofiller for HDPE Composites. Polym. Plast. Technol. 

Eng. 2016, 55, 1012–1020, doi:10.1080/03602559.2015.1132432. 

19. Qiao, X.; Zhang, Y.; Zhang, Y.; Zhu, Y. Ink-eliminated waste paper sludge flour-filled polypropylene composites with different 

coupling agent treatments. J. Appl. Polym. Sci. 2003, 89, 513–520, doi:10.1002/app.12281. 

20. Gross, R.A.; Kalra, B. Biodegradable Polymers for the Environment. Science (80-. ). 2002, 297, 803–807, doi:10.1126/sci-

ence.297.5582.803. 

21. Requena, R.; Jimenez, A.; Vargas, M.; Chiralt, A. Effect of plasticizers on thermal and physical properties of compression-

moulded poly [(3-hydroxybutyrate)-co-(3-hydroxyvalerate)] films. Polym. Test. 2016, 56, 45–53, 

doi:10.1016/j.polymertesting.2016.09.022. 

22. Hamad, K.; Kaseem, M.; Yang, H.W.; Deri, F.; Ko, Y.G. Properties and medical applications of polylactic acid : A review. Express 

Polym. Lett. 2015, 9, 435–455, doi:10.3144/expresspolymlett.2015.42. 

23. Quiles-Carrillo, L.; Montanes, N.; Pineiro, F.; Jorda-Vilaplana, A.; Torres-Giner, S. Ductility and toughness improvement of 

injection-molded compostable pieces of polylactide by melt blending with poly(ε-caprolactone) and thermoplastic starch. Ma-

terials. 2018, 11, 1–20, doi:10.3390/ma11112138. 

24. Gigante, V.; Canesi, I.; Cinelli, P.; Coltelli, M.B.; Lazzeri, A. Rubber toughening of Polylactic acid (PLA) with Poly(butylene 

adipate-co- terephthalate) (PBAT): Mechanical properties, fracture mechanics and analysis of brittle—Ductile behavior while 

varying temperature and test speed. Eur. Polym. J. 2019, 115, 125–137, doi:10.1016/j.eurpolymj.2019.03.015. 

25. Aliotta, L.; Gigante, V.; Acucella, O.; Signori, F.; Lazzeri, A. Thermal, mechanical and micromechanical analysis of 

PLA/PBAT/POE-g-GMA extruded ternary blends. Front. Mater. 2020, 7, 130, doi:10.3389/fmats.2020.00130. 

26. Panin, C.V.; Kornienko, L.A.; Suan, T.N.; Ivanova, L.R.; Poltaranin, M.A. The effect of adding calcium stearate on wear-re-

sistance of ultra-high molecular weight polyethylene. Procedia Eng. 2015, 113, 490–498. 

27. ISO 179–1: 2010, Plastics—Determination of Charpy Impact Properties, Part 1: Non-Instrumented Impact Test; 2010; 

28. Wu, D.; Wu, L.; Zhang, M.; Zhao, Y. Viscoelasticity and thermal stability of polylactide composites with various functionalized 

carbon nanotubes. Polym. Degrad. Stab. 2008, 93, 1577–1584. 

29. Zucconi, F. Evaluating toxicity of immature compost. Biocycle 1981, 22, 54–57. 

30. Arenales Rivera, J.; Pérez López, V.; Ramos Casado, R.; Sánchez Hervás, J.-M. Thermal degradation of paper industry wastes 

from a recovered paper mill using TGA. Characterization and gasification test. Waste Manag. 2016, 47, 225–235, 

doi:10.1016/j.wasman.2015.04.031. 

31. Gigante, V.; Cinelli, P.; Righetti, M.C.; Sandroni, M.; Tognotti, L.; Seggiani, M.; Lazzeri, A. Evaluation of Mussel Shells Powder 

as Reinforcement for PLA-Based Biocomposites. Int. J. Mol. Sci. 2020, 21, 5364. 

32. Faruk, O.; Bledzki, A.K.; Fink, H.-P.; Sain, M. Biocomposites reinforced with natural fibers: 2000–2010. Prog. Polym. Sci. 2012, 37, 

1552–1596. 

33. Wei, L.; Liang, S.; McDonald, A.G. Thermophysical properties and biodegradation behavior of green composites made from 

polyhydroxybutyrate and potato peel waste fermentation residue. Ind. Crop. Prod. 2015, 69, 91–103. 

34. Xia, G.; Sadanand, V.; Ashok, B.; Reddy, K.O.; Zhang, J.; Rajulu, A.V. Preparation and Properties of Cellulose/Waste Leather 

Buff Biocomposites. Int. J. Polym. Anal. Charact. 2015, 20, 693–703, doi:10.1080/1023666X.2015.1081132. 

35. Gigante, V.; Seggiani, M.; Cinelli, P.; Signori, F.; Vania, A.; Navarini, L.; Amato, G.; Lazzeri, A. Utilization of coffee silverskin in 

the production of Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) biopolymer-based thermoplastic biocomposites for food con-

tact applications. Compos. Part A Appl. Sci. Manuf. 2021, 140, 106172, doi:10.1016/j.compositesa.2020.106172. 

36. Aliotta, L.; Cinelli, P.; Coltelli, M.B.; Lazzeri, A. Rigid filler toughening in PLA-Calcium Carbonate composites: Effect of particle 

surface treatment and matrix plasticization. Eur. Polym. J. 2019, 113, 78–88. 



Materials 2021, 14, 2688 15 of 15 
 

 

37. Wetzel, B.; Haupert, F.; Friedrich, K.; Zhang, M.Q.; Rong, M.Z. Impact and wear resistance of polymer nanocomposites at low 

filler content. Polym. Eng. Sci. 2002, 42, 1919–1927, doi:10.1002/pen.11084. 

38. Scaffaro, R.; Lopresti, F.; Botta, L. PLA based biocomposites reinforced with Posidonia oceanica leaves. Compos. Part B Eng. 

2018, 139, 1–11. 

39. Barczewski, M.; Mysiukiewicz, O. Rheological and processing properties of poly(lactic acid) composites filled with ground 

chestnut shell. Polymers 2018, 42, 267–274, doi:10.7317/pk.2018.42.2.267. 

40. Jiang, L.; Wolcott, M.P.; Zhang, J. Study of biodegradable polylactide/poly(butylene adipate-co-terephthalate) blends. Biomacro-

molecules 2006, 7, 199–207, doi:10.1021/bm050581q. 

41. Baiardo, M.; Frisoni, G.; Scandola, M.; Rimelen, M.M.; Lips, D.; Ruffieux, K.; Wintermantel, E. Thermal and mechanical proper-

ties of plasticized poly(L-lactic acid). J. Appl. Polym. Sci. 2003, 90, 1731–1738, doi:10.1002/app.12549. 

42. Ministry of Agricultural, Food and Forestry Policies, Italy. Decreto Legislativo 75/2010; Ministry of Agricultural, Food and For-

estry Policies: Rome, Italy, 2010. 


