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Abstract: In this paper, the upcycling of recycled polypropylene with the addition of waste paper, appropriate compatibiliser, lubricant and antioxidant is presented. Compounding was performed on the twin-screw extruder. The addition of waste paper varied from 5 wt.% to 30 wt.% in the 5 wt.% steps. To improve the compatibility between the paper and rPP, the graft copolymer PP-g-MA was added in a concentration of 4 wt.%. The research proved, that good homogenisation was achieved with addition of the lubricant, and the oxidation was prevented with the addition of antioxidant. For the characterisation purposes, the test speciments were prepared by injection moulding, according to ISO 527 (form 1BA), ISO 178 and ISO 179. The results of tensile and bending tests proved that E modulus increased significantly with the addition of 30 wt.% waste paper. Tensile and bending strength increased up to 41 %, as well. The results of DMA tests showed the same tendency. With the research it was proved, that with the addition of more than 20 wt.% of waste paper, strength and storage moduli increased, while the impact strength practically remained unchanged. The research results proved, that composite is industrial applicable since high compatibility was achieved.
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INTRODUCTION
The polypropylene (PP) is very often physically modified by the addition of various fillers for lowering the price and enhancing stiffness and strength. Due to low price, low density and high stiffness the natural fibres such as wood, cellulose, jute, bamboo, conifer and waste paper attracted the attention of researchers [1-9]. The improvement of the interfacial bonding between the hydrophilic natural fibre and the hydrophobic PP has been a key research issue because the interfacial adhesion between natural fibre and PP plays an important role in the determination of the properties of the composites [9]. The pressure on environmental protection can be lightened, and the idea of changing waste materials into valuable biocomposites can be realized. 
Research work about the treatment of waste paper and different compatibilizers for biocomposites with waste paper has been reported [8, 9]. In recent times the recycling of PP is also an important topic due to increasing amount of PP in the thermoplastic municipal waste material. PP as a packaging material has taken a great part. Maleic anhydride grafted polypropylene (PP-g-MA) as compatibilizer facilitates the dispersion and enhances surface bonding of waste paper in recycled PP (rPP) matrix. The waste paper promotes the crystallization, enhanced the strength, stiffness, and toughness of waste paper rPP composite [9]. 
Upcycling of rPP for biocomposites with banana leaves fibre has been reported [10]. The banana leaves fibre promotes strength and stiffness until 30 wt.% and 10 wt.% addition respectively. Upcycling of rPP with oleic acid modified geopolymer concrete waste promotes stiffness and, despite the surface modification of filler, lowers strength [11]. Modification of rPP with elastomers for glass bubbles composites promotes elongation and impact strength, lowers strength, storage modulus, hardness and heat deflection temperature [12]. The study of upcycling of rPP with rice hulls natural fiber affirms the importance of the use of natural fiber residues as filler for sustainable thermoplastic composite products [13]. Bagasse fiber recycled polypropylene composites modified with ionic-liquid treated lignin compatibilizer had comparable physical and mechanical properties as those made from PP-g-MA [14]. 
The aim of this study was to enhance the strength and stiffness of rPP with the modification of the matrix with additives and waste paper, which was used without any pretreatment. Eight different samples were prepared by compounding and injection molding. Mechanical, thermal and rheological properties of biocomposites were investigated in detail and compared with rPP. 

2. MATERIALS AND METHODS 
Commercially available recycled polypropylene was donated by company TAB-IPM d.o.o., Slovenia in ground form. The waste paper was donated by the company Papirnica Vevče d.o.o., Slovenia in ground form. Commercially available compatibilizer PP-g-MA (Fusabond P 353) was purchased from DuPont, Switzerland. Commercially available antioxidant (AT 10) was purchased form AMIK ITALIA S.p.A, Italy. Commercially available lubricant (CRODAMIDE EBS-MG-(GD)) was purchased from Croda Europe Limited, Netherlands. The composition of the samples is listed in Table 1. For all runs, the materials were separately mixed and extruded on the twin-screw extruder Labtech LTE 20-44. The screws diameters were 20 mm, L/D ratio 44:1, screws rotation 600 rpm, temperature profile was increasing from the hopper (165 °C) to the die (190 °C) [15]. 

Table 1. Composition of the samples for extrusion 
	Sample
	rPP (wt.%)
	PP-g-MA (wt.%)
	Lubricant (wt.%)
	Antioxidant (wt.%)
	Waste paper (wt.%)

	0
	100.00
	0
	0
	0.00
	0

	1
	94.62
	4
	1
	0.38
	0

	2
	89.62
	4
	1
	0.38
	5

	3
	84.62
	4
	1
	0.38
	10

	4
	79.62
	4
	1
	0.38
	15

	5
	74.62
	4
	1
	0.38
	20

	6
	69.42
	4
	1
	0.38
	25

	7
	64.62
	4
	1
	0.38
	30


The injection molding was performed on Krauss Maffei 50-180 CX with a screw diameter of 30 mm. The temperature profile was increasing from the hopper (175 °C) to the die (190 °C). The tool temperature was set to 45 °C and the cooling time to 10 s [16]. Flexural and tensile tests were conducted on the Shimadzu AG-X plus according to ISO 178 and ISO 527-1, respectively [17]. Five measurements for each sample were performed. Thermo-mechanical properties were examined using a Perkin Elmer DMA 8000 [18]. The samples were heated at 2 °C/min from 25 °C to 170 °C under air atmosphere. A frequency of 1 Hz and an amplitude of 20 μm were used in dual cantilever mode [15]. Thermal measurements were carried out with a differential scanning calorimeter (DSC 2, Mettler Toledo) under a nitrogen atmosphere (20 mL/min). The samples temperature was increased from 0 to 180 °C at a heating rate of 10 °C/min and held in the molten state for 5 min to erase their thermal history. After being cooled at 10 °C/min, the samples were reheated to 180 °C at 10 °C/min. The crystallization temperature (Tc), crystallization enthalpy ((Hc), melting temperature (Tm) and melting enthalpy ((Hm) were obtained from the cooling and the second heating scan. Moreover, the crystallinity values (Xc) were calculated [18]. For the measurements of oxidation induction time (OIT) was determined on DSC 2 according to the ISO 11357-6 standard method. After the sample was held at 50 °C for 5 min under a nitrogen flow of 50 mL/min, the timer started. The sample was heated from 50 °C to 195 °C at a rate of 20 °C/min, and then held for 5 min for equilibration, still under a nitrogen flow of 50 mL/min. After that the gas was switched to oxygen with the flow rate of 50 mL/min. The oxidation of the sample was observed as a sharp increase in heat flow due to the exothermic nature of the oxidation reaction. The OIT was obtained as on-set of the exothermic peak of the oxidation reaction. Impact tests were performed on the pendulum Dongguan Liyi Test Equipment, type LY-XJJD5 [9], according to ISO 179. The distance between supports was 60 mm, 5 J pendulum was used. The melt flow index (MFI) of samples was evaluated according to ISO 1133 via MFI indexer (Dongguan Liyi Test Equipment, type LY-RR) at the temperature 200 °C with 2.16 kg weight.
3. RESULTS AND DISCUSSION 
3.1. Mechanical properties 

The addition of additives (antioxidant, lubricant, and compatibilizer) increases the bending stiffness (Ef) and bending strength (σfM) of the rPP at the same time, also reduces the yield strain (ɛfM). The addition of the waste paper to rPP with additives further increases Ef and σfM of the biocomposites but also further reduces the ɛfM of the biocomposites. The highest Ef and σfM was determined for the biocomposite with 30 wt.% waste paper, +85 % and +42 % respectively (Table 2). The addition of 30 wt.% waste paper and additives increase the bending strength and stiffness of the biocomposites due to good interactions of rPP matrix and waste paper due to effective PP-g-MA compatibilizer [8, 9]. The addition of additives increases the tensile stiffness (Et) but also reduces the tensile strength (σm), tensile yield strain (ɛm) and strain at break (ɛtb). The addition of 30 wt.% waste paper into rPP with additives increases the Et (+89 %) and σm (+25 %) of the biocomposites due to good interactions of rPP matrix and waste paper due to high strength and stiffness of the waste paper and in the same time effective PP-g-MA compatibilizer. (Table 2) We can conclude that PP-g-MA is a good compatibilizer for rPP and waste paper [8, 9]. Improved interactions are also confirmed by DMA measurements.

Table 2. Summarized results from the bending and tensile tests
	
	Bending test results
	Tensile test results

	Sample
	Ef (GPa)
	σfM (MPa)
	ɛfM (%)
	Et (GPa)
	σm (MPa)
	ɛm (%)
	ɛtb (%)

	0
	1.02±0.01
	28.4±0.1
	6.67±0.13
	1.15±0.07
	26.4±0.1
	6.55±0.10
	59.68±2.51

	1
	1.07±0.01
	29.2±0.1
	6.57±0.12
	1.36±0.15
	25.3±0.1
	6.81±0.12
	79.03±10.29

	2
	1.17±0.01
	30.3±0.2
	6.45±0.07
	1.38±0.07
	25.7±0.2
	6.51±0.14
	30.80±10.29

	3
	1.25±0.01
	31.3±0.2
	6.28±0.11
	1.45±0.12
	26.8±0.2
	5.90±0.17
	15.50±2.43

	4
	1.39±0,01
	34.0±0.1
	6.41±0.08
	1.53±0.05
	28.1±1.2
	6.19±0.17
	10.38±1.28

	5
	1.50±0,01
	34.9±0.1
	6.34±0.08
	2.03±0.14
	29.8±0.2
	5.83±0.08
	8.97±0.75

	6
	1.67±0,01
	37.5±0.2
	6.23±0.05
	1.92±0.13
	31.0±0.2
	5.99±0.10
	8.94±0.87

	7
	1.89±0,04
	40.3±0.2
	6.09±0.04
	2.17±0.31
	33.1±0.2
	5.86±0.06
	7.43±0.55


3.2. Thermo-mechanical properties 

The addition of additives increases the storage modulus (E´) of the rPP over the whole measured  temperature  range. The highest impact on  E´ is seen from room temperature till 80 °C due to partially degraded rPP matrix (Image 1). Further addition of the waste paper to rPP with additives further increase E´ of the biocomposites till 10 wt.% addition of waste paper. Till 20 wt.% addition of waste paper into the rPP matrix with additives E´ remain almost in the same level. Higher loadings till 30 wt.% waste paper again rises the E´in the whole measured temperature range. The highest E´ was determined for the biocomposite with 30 wt.% waste paper (Image 1). It has already been found that fine dispersed compatibilizer domains increase the interfacial interaction between natural fibers in the PP matrix in the ternary blends [16]. 
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Image 1. Storage modulus of the samples 0-7 

3.3. Thermal properties 

The addition of additives to the rPP influences neither Tm nor Tc, but lower Hm and Hc. Most likely the additives act as steric barriers to the development of crystalline regions. With addition of 5 wt.% of waste paper Tm and Tc are not influenced, but the enthalpies rise and the crystallinity rises to 30 %. With addition of 10 wt.% waste paper the Tm and Tc are not influenced, but the enthalpies drops and the crystallinity reaches 27 % (Table 3). With further addition of waste paper from 15 wt.% to 30 wt.% the Tm and Tc are not influenced, but the enthalpies rises and the crystallinity reaches 34 %. We can conclude that addition of waste paper higher as 10 wt.% acts as nuclei for crystall formation and induce heterogenic crystallization in rPP matrix [9, 20]. The addition of additives rises the OIT (Image 2) for +315 % (from 3,9 min. for rPP to 16,2 min. for rPP with additives). With addition of waste paper the OIT further increases. The increase of OIT is not connected with the amount of added waste paper and is in the interval from +623% to +992%. From the results we can conclude, that waste paper acts as temperature and oxidation stabilizer for rPP matrix.

Table 3.Summarized DSC results
	
	DSC results

	Sample
	Tm (°C)
	Tc (°C)
	ΔHm (J/g)
	ΔHc (J/g)
	Xc (%)

	0
	166
	124
	67
	72
	32.3

	1
	166
	122
	54
	61
	27.5

	2
	166
	123
	55
	67
	29.6

	3
	167
	122
	47
	58
	26.8

	4
	167
	123
	56
	62
	34.0

	5
	166
	124
	52
	57
	33.7

	6
	167
	124
	50
	55
	34.7

	7
	167
	124
	45
	49
	33.6
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Image 2. Summarized results from OIT measurements

3.4. Impact properties 

The impact strength of rPP decreases with addition of additives, but the standard deviation of the results decreases. However, impact strength increases with the addition of waste paper till 10 wt.%, then it drops with higher loadings of waste paper (Image 3). With the addition of waste paper 30 wt.% the impact strength drops for 44 %. The increase of impact strength with addition of waste paper till 10 wt.% indicates good interaction between rPP and waste paper due to compatibilizer, with an increasing amount of waste paper impurities in waste paper and rPP matrix influence the fiber-matrix adhesion [8, 9]. 
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Image 3. Summarized results from impact Charpy tests

3.4. Rheological properties 

Melt flow index (Image 4) (MFI) of rPP increases with the addition of additives but decreases drastically with the addition of waste paper. The decrease of MFI with the addition of waste paper indicates increasing the melt viscosity by increasing the waste paper content [8]. 
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Image 4.Melt flow index of the samples 0-7

3. CONCLUSION 

This study sought to rise the mechanical properties of rPP toward engineering plastic. The rPP/PP-g-MA/waste paper biocomposites were prepared and the influence of waste paper and the effectiveness of the compatibilizer PP-g-MA were investigated. Stiffness and strength of biocomposites with waste paper and PP-g-MA were higher as compared to rPP. High stiffness and strength indicate very good compatibility of the constituents of biocomposites, due to the compatibilizer PP-g-MA. The results of DMA support the results of the tensile and bending tests. Tm and Tc of biocomposites do not change compared to those of rPP. The degree of crystallinity of biocomposites is at higher loading of waste paper higher compared to the pure rPP. Incorporation of 30 wt.% waste paper together with PP-g-MA into the rPP matrix enhanced bending and tensile strength (+42% and +25% respectively)  and stiffness (+85% and +89% respectively) as well as rises crystallinity (+2%) due to good interfacial adhesion between waste paper and rPP matrix and acts as nucleation agent for rPP matrix. In the same time, the addition of waste paper prolong the residence time of the melt in the cyclinder (+150%). The novel biocomposites are suitable for applications such as technical parts that require higher stiffness, strength and dimensional stability as rPP.
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Сажетак: У овом раду представлјена је употреба рециклираног полипропилена са додатком отпадног папира, одговарајућег компатибилизатора, мазива и антиоксиданта. У истраживачком раду је мешанје извршено на двопужном екструдеру. Додатак отпадног папира био је од 5 % до 30 %, у кораку од 5 %. Да би се поболјшала компатибилност између папира и рПП-а, додан је графт кополимер ПП-г-МА у концентрацији од 4 %. Истраживанје је показало да је добра хомогенизација постигунта додаванјем мазива, а оксидација је спречена додатком антиоксиданта. За потребе карактеризације испитни узорци су приправлјени бризганјем, у складу са ИСО 527 (облик 1БА), ИСО 178 и ИСО 179. Резултати тестова на натезанја и савијанја показали су да се Е модул значајно повећавао додаванјем од 30 % одпадног папира. Затезна чрстоћа и чврстоћа на свавијане повећана су и до 412 %. Резултати ДМА тестова показали су исту тенденцију. Са додатком више од 20 % отпадног папира, чврстоћа и модул сачуване енергије се повећавају, док ударна чврстоћа практично остаје непроменјена. Резултати истраживанја показали су да је композит индустријски применлјив јер је постигнута велика компатиблиност. 
Kључне ријечи: рециклирани полипропилен, одпадни папир, композит, механичка својства, топлотна својства 
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