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ABSTRACT: Due to their widespread applications, the production and consumption of plastics have increased sharply and also

brought about a lot of waste. However, only one-fourth of plastic solid waste is effectively recycled, and the rest is almost entirely dis-

posed in landfills. In this article, high performance synthetic paper used for printing was successfully prepared from ultrahigh molec-

ular weight polyethylene waste adopting thermally induced phase separation method. Silicon dioxide was added as filler and mineral

oil was used as diluent. Whiteness, chemical resistance, tensile strength, thermal stability, surface morphology, and inkjet print of syn-

thetic paper was investigated, respectively. It is indicated that the resulting synthetic paper possesses excellent printing effect. Its

whiteness equally distributes around 80% and the highest tensile strength is up to 5.5 MPa. They also reveal good resistance to chem-

ical corrosion and have good shape maintenance. As a result, the preparation of high performance synthetic paper for industrial

applicability is expected to perform by recycling plastics waste. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44159.
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INTRODUCTION

The production and consumption of plastics have increased

sharply. There was 280 million tons of plastic produced in 2012.

According to current consumption rates, the planet will hold

another 33 billion ton plastic by 2050.1 Increasing cost and

decreasing space of landfills are forcing people to find alterna-

tive options for plastic waste disposal.2 Treatment, recycling and

recovery methods for plastic waste are expected to be economi-

cally and environmentally viable, including landfill, incineration,

chemical recycling, and mechanical recycling.3 Usually, landfill

takes large space, while incineration stimulates the growing

emission of harmful, greenhouse gases, for example, NOx, SOx,

COx, and so forth. Recycling is asked to decrease the waste vol-

ume and reduce environmental issues.

Al-Salem et al.2 reviewed recycling and recovery routes of plastic

solid waste, covering primary (re-extrusion), secondary

(mechanical), tertiary (chemical), and quaternary (energy recov-

ery). In recent years, there has been an increasing interest in

seeking the potential applications of recycled mixed plastic

wastes in building and construction sectors. Jafar et al.4 selected

recycled waste plastics as partial aggregate replacement in

bituminous mix product. Chemical recycling conforms to the

principles of sustainable development and leads to the forma-

tion of the raw materials.5–7 Wong et al.8 discussed the current

status and future prospects of plastic waste as source of fuel,

with the main focus in pyrolysis, as well as co-pyrolysis of plas-

tic waste with other materials. Any solution related to plastic

waste problem should, of necessity, include the development of

the recycling techniques. Plastic waste can be used as a raw

material in the fabrication of new goods, thus reducing its envi-

ronmental impact.

Consumption of traditional cellulose paper around the world

currently leads to deforestation. To solve this problem, a special

film that accepts writing or printing like cellulose paper, fabri-

cated from thermoplastic polymers called synthetic paper is

produced.9,10 Synthetic paper can meet the requirements for

light weight and reveal good resistance to weather, acids, and

corrosion. Thus, it is increasingly replacing cellulose paper. At

present, the preparation process of synthetic paper includes film

method (YUPO, ALINDA, Q-per, etc) and fiber method (Tyvek)

based on the polymer like PP, HDPE, PVC, and so forth.11

Nowadays the film method is more commonly used. YUPO

synthetic paper developed by Yupo Corporation is made from
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PP by internal paper-manufacturing method, whose processing

route is showed in Figure 1. However, the current methods just

focus on the surface porosity, their indispensable post-

processing always brings about the complicated process. The

development of synthetic paper still has many limitations. One

reason is the complex process and another is the high cost.

Some researches on synthetic paper prepared of plastic waste

have been conducted. Santana et al.10 used postconsumer PP to

make synthetic paper and examined the influence of surface

treatment by CD on composite films. Correa et al.12 prepared

synthetic paper based on blends of post-consumer HIPS, as well

as HDPE in various proportions for graphic printing. Santi

et al.13 used films of post-consumer polypropylene composites

for the support layer in synthetic paper. These studies on trans-

forming plastic waste into synthetic paper are beneficial to plas-

tic waste disposal and reducing cost.

Ultrahigh molecular weight polyethylene (UHMWPE) is a high

performance engineering thermoplastic with many repeat units

of AC2H4A. It has incomparable properties among plastics

caused by its physical chemistry stability. UHMWPE-based

composite materials are widely used in medical, military, indus-

trial, and consumer applications.14,15 However, UHMWPE

presents in a rubbery state in melting resulted from its ultrahigh

molecular weight (>1.0 3 106). Furthermore, UHMWPE has a

small frictional coefficient and low critical shearing rate.16 All of

these properties make UHMWPE hard to process. Thereby, it is

seldom made into membranes with routine methods such as

melt stretching. Thermally induced phase separation (TIPS) is a

suitable method for UHMWPE being processed into micropo-

rous membranes.15,17–22 Even UHMWPE has more and more

widespread application, its recycle had to be further developed.

In our research, UHMWPE waste was used as raw material of

fabricating synthetic paper adopting TIPS method. The synthet-

ic paper was characterized by thermogravimetric analysis

(TGA), scanning electron microscopy (SEM), tensile testing

machine, color measurement spectrophotometer, and inkjet

printer. And the application performances were also compared

with that of the virgin UHMWPE products.

EXPERIMENTAL

Materials

UHMWPE resin was collected from post-consumer film or left-

over bits and pieces. SiO2 (OK500: industrial grade; particle

size, 6 lm; density, 1.9 g/cm3) was kindly supplied by Shanghai

Aile Imaging Materials (Shanghai, China) used as a filler. Min-

eral oil (alkane mixtures of C15 to C40, kinematic viscosity 65

3 1026 2 71 3 1026m2/s, industrial grade) was obtained from

China Petro-chemicals Group, Hangzhou Refinery (Zhejiang,

China). Absolute ethyl alcohol (AR grade) obtained from Sino-

pharm Chemical Reagent (Shanghai, China) was used as an

extraction agent.

Cellulose paper (A4 size, 80 g) was collected from common

office papers. Virgin UHMWPE (number-average molecular

mass 2.0 3 106) was purchased from Shanghai Lianle Chemical

Industry Science and Technology (Shanghai, China).

Preparation of Synthetic Paper from UHMWPE Waste

Figure 2 illustrates the process of manufacturing synthetic paper

based on UHMWPE waste. In Figure 2, the UHMWPE waste

was the resin material for preparing synthetic paper. SiO2 was

used as filler to improve the opacity and ink receptivity of

paper. Mineral oil played a role as diluent to dissolve the poly-

mer at a high temperature.

Melt and Extrusion. The UHMWPE waste were precut into

chips (Side length: about 0.5 cm) first. Then, washed in clean

water at room temperature, and dried in a fanned oven.

UHMWPE chips, mineral oil and SiO2 were manually pre-

mixed. After premixing, the mixture was extruded from a coni-

cal SJSZ20/40 twin-screw extruder at the speed of 6.0 rpm

(temperature program: 200/180/160/140 8C) with the UHMWPE

dissolved in the mineral oil forming a homogeneous solution.

The extruded blend was air cooled to induce phase separations

and then granulated.

The weight ratio of UHMWPE chips, mineral oil, SiO2 particles

was listed in Table I. The mass fraction of mineral oil in all

mixtures was fixed at 75 wt % while the mass ratio of SiO2/sol-

ids was variable containing 0 wt %, 6.7 wt %, 13.3 wt %, 20 wt

%, 26.7 wt %, 33.3 wt %, respectively.

Figure 1. The processing route of internal paper-manufacturing method.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2. Process flowchart of preparing synthetic paper from UHMWPE

waste. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table I. Composition of the UHMWPE/Mineral Oil/SiO2 Mixture

Sample
UHMWPE
(g)

OK500SiO2

(g)
Mineral
oil (g)

SiO2/
Solids
(wt %)

U1 15 0 45 0.0

U2 14 1 45 6.7

U3 13 2 45 13.3

U4 12 3 45 20.0

U5 11 4 45 26.7

U6 10 5 45 33.3
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Preparation of Membranes. The blend was placed between a

pair of stainless steel plates and pressed into membranes with a

flat vulcanizing machine (XLB-400 3 400 3 2, Qicai, Shang-

hai), at 200 8C and 8 MPa for 180 s. Then, the stainless steel

plate with the membrane together was taken out quickly and

air cooled. Finally, take the regular membrane out of the mold.

Extraction and Drying. The diluent in membranes was

extracted by being immersed in ethanol for 24 h. The resulting

membranes were dried in vacuum drying chamber at 60 8C for

6 h, and then, the synthetic paper was obtained.

Characterization of Synthetic Paper

Whiteness. The CIE Whiteness of the synthetic papers was eval-

uated by color measurement spectrophotometer (Datacolor650,

Datacolor, America) according to the ISO 11475: 2004 standard,

which specifies the procedure used for determining the white-

ness of papers or boards. When the samples are viewed under

the CIE D65 daylight illuminant, the resulting values can corre-

spond to the visual appearance of white papers or boards,

which is with or without fluorescent whitening agents.

Chemical Resistance. Representative acid and alkali solutions,

including hydrochloric acid (38 wt %), nitric acid (68 wt %),

sulfuric acid (98 wt %), sodium hydroxide (40 wt %) were

adopted to test the chemical resistance. The synthetic paper

were soaked in above mentioned solutions for 48 h at room

temperature, and then dried in vacuum oven at 40 8C for 24 h.

Evaluate the chemical resistance by observing appearance and

calculating the weight loss according to the eq. (1).

g 5 ðM2mÞ=M 3 100% (1)

where M represents the mass of synthetic paper before soaking,

and m is the mass after soaking and drying.

Tensile Test. The tensile test was evaluated with a digital tensile

testing machine (CZ-8010, Zhongzhi, China) at room

temperature with a humidity of about 50% at a tensile speed of

5 mm/min. The initial gauge length and width were 50 and

10 mm, respectively.

Thermal Shrinkage Measurement. The thermal shrinkage was

evaluated by measuring one-dimensional length changes in the

axial and transverse directions after being kept in vacuum dry-

ing chamber (DZG-6020 Shanghai Science, China) under differ-

ent temperatures for 30 min. All the tested samples were

squares with 3 cm 3 3 cm dimensions. The thermal shrinkage

was calculated according to the eq. (2).

Thermal shrinkage %ð Þ 5 ðL1–L2Þ=L13100% (2)

where L1 and L2 represent the side length of the squares before

and after heating.

Thermogravimetric Analysis. TGA was conducted on a thermal

analyzer (TG209F1, NETZSCH, Germany) under nitrogen

atmosphere at flow rate of 20 mL/min. Usually, about 5 mg

samples were heated from room temperature to 900 8C at a

heating rate of 20 8C/min.

Morphology Observation. The surface morphology of the syn-

thetic paper was tested using SEM (TM-1000, Hitachi, Japan).

The samples were coated with gold in a rarefied argon atmo-

sphere (20 Pa) using an Emitech K550 Sputter Coater, with a

current of 12 mA for 50 s.

Inkjet Printing. The printing of synthetic paper was evaluated

by a regular laser jet (HP1020, Hewlett-Packard Development

Company, America).

RESULTS AND DISCUSSION

Whiteness

Paper with higher whiteness causing excellent light reflection

ability tends to exhibit more vibrant colors, thus presenting bet-

ter visual effects. But a visual fatigue may occur after a long

time staring. The resulting whiteness indices of the synthetic

paper prepared from UHMWPE waste are displayed in Figure 3.

It is found that all the synthetic paper based on UHMWPE

Figure 3. CIE Whiteness of synthetic paper from UHMWPE waste (U1,

U2, U3, U4, U5, U6), virgin UHMWPE (a) and cellulose paper (b). [Col-

or figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]

Figure 4. Mass loss of synthetic paper from UHMWPE waste and virgin

UHMWPE after soaking S-1 (40% sodium hydroxide), S-2 (38% hydro-

chloric acid), S-3 (68%nitric acid), and S-4 (98%sulfuric acid).
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waste have similar values at around 80%, except for the sample

U2 prepared with SiO2 content at 6.7 wt %. The results confirm

that inorganic particles in synthetic paper are independent of

the variation in whiteness.

The variety of impurities and degradation byproducts in the

waste would impart a variable degree of yellowing to the mem-

brane and cause not only the differences in whiteness from

paper to paper but also the relatively lower values of whiteness

compared to those of synthetic paper made of virgin UHMWPE

[Figure 3(a)] and cellulose paper [Figure 3(b)]. Even so, the

whiteness (80%) of synthetic paper prepared from UHMWPE

waste is still suitable for printing and visual sensation if

regarding of the commercial synthetic paper Teslin with 76%

whiteness.11

Chemical Resistance Characterizations

The mass loss of synthetic paper based on UHMWPE waste and

virgin UHMWPE after soaking is shown in Figure 4, respective-

ly. It can be seen that the mass loss of all the synthetic paper

are below 5% in different solutions. It is inferred that these

samples have good chemical resistance regarding of the com-

mon acid and alkali. The filled SiO2 also shows relatively good

acid and alkali resistance. Compared with virgin UHMWPE,

synthetic papers prepared from UHMWPE waste possess more

mass loss. It is attributed to the physical chemistry stability of

virgin UHMWPE. However, synthetic paper prepared from

UHMWPE waste suffers about 5% mass loss in sulfuric acid,

indicating that the impurities in the waste are prone to be

corroded and form defects. Synthetic paper prepared from vir-

gin UHMWPE reveals no mass loss in sulfuric acid. It may be

because there appears a phenomenon-like passivation.

Figure 5 shows the appearance of synthetic paper based on

UHMWPE waste before and after soaking in chemical solutions.

It is found that synthetic paper takes on little change in appear-

ance except in sulfuric acid.

The Effect of SiO2 Content on Tensile Strength

The results for tensile test of synthetic paper samples are shown

in Figure 6(a). The tensile strength increases with the increase

of inorganic filler, which plays a role as filler toughening the

composite system. It reaches the maximum of 5.5 MPa when

the content of SiO2 is 20 wt %. But with the SiO2 continuing

to increase, the tensile strength decreases. This may be on

account of the agglomeration of SiO2 during preparation, which

causes uneven crystallization and results in weak skeleton of

pores with poor homogeneity and stress defects.

Figure 5. Appearance of synthetic paper from UHMWPE waste before

(O) and after soaking (T1: 40% sodium hydroxide; T2: 38% hydrochloric

acid; T3: 68% nitric acid; T4: 98% sulfuric acid). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Tensile strength of synthetic paper from UHMWPE waste with different SiO2 content (0 wt %, 6.7 wt %, 13.3 wt %, 20 wt %, 26.7 wt %, 33.3

wt %) (a) and stress–strain (r–e) curves of different typical SiO2 content (0 wt %, 20 wt %, 33.3 wt %) (b). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 7. Thermal shrinkage of synthetic paper from UHMWPE waste

with different SiO2 content (0 wt %, 6.7 wt %, 13.3 wt %, 20 wt %, 26.7

wt %, 33.3 wt %) treated with different temperature. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6(b) shows the stress–strain curves of different typical

SiO2 content (0 wt %, 20 wt %, 33.3 wt %). The r and E value

of the sample with moderate SiO2 (20 wt %) are the maximum,

indicating better performance with higher strength and ductility.

But with the further increasing of SiO2 content, the r and E
both tend to decrease due to the particle agglomeration.

If comparing with the synthetic paper made from virgin

UHMWPE, whose tensile strength is in the range from 4 to

8 MPa,11 the strength of synthetic paper made from UHMWPE

waste decreases due to the impurities and degradation byprod-

ucts. According to literature,11 PP/ethylene propylene rubber

synthetic paper owns a highest tensile strength of 3.0 MPa. It is

indicated that the synthetic paper obtained from UHMWPE

waste can meet the general application requirements.

Thermal Shrinkage Studies

Paper is expected to meet requirement of being applied at high

temperature. The thermal shrinkage is a proper characterization

of thermal stability.

Figure 7 presents the thermal shrinkage of synthetic paper pre-

pared from UHMWPE waste treated under different tempera-

tures from 80 to 120 8C for 0.5 h. It is shown that they easily

lost dimensional stability after being exposed to over 100 8C.

The synthetic paper almost has no shrinkage at 80 8C proving

that they possess good stability under ambient temperature.

When the temperature increases to 120 8C, all samples show a

significant shrinkage percentage of 8%. It is indicated that syn-

thetic paper from UHMWPE waste still keep good feasibility of

the application at a relatively high temperature blow 80 8C.

Figure 8. TGA curves (a) and residual weight (b) of synthetic paper from UHMWPE waste with different SiO2 content (U1, U4, U6). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. SEM images of synthetic paper from UHMWPE waste (a) U1, (b) U2, (c) U3, (d) U4, (e) U5, (f) U6.
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It can be inferred from Figure 7 that the thermal shrinkage may

be affected by SiO2 content. Usually, SiO2 plays a role as nucle-

ating agent which promotes the crystallization process of

UHMWPE known as semi-crystalline polymer in preparation.

As a result, the skeleton of the microporous membrane gets

enhanced. However, the agglomeration of too much SiO2 will

lead to the worse stability of synthetic paper. Therefore, the

thermal shrinkage cannot decrease with the increase of SiO2

content.

Thermogravimetric Analysis

Figure 8 illustrates the TGA curves and residual weight of syn-

thetic paper from UHMWPE waste (U1, U4, U6) and the initial

degradation temperature were 277.4 8C, 287.9 8C, and 281.3 8C,

respectively. The TGA curves indicate that synthetic paper with-

out filling (U1) starts to decompose first. It is found from Fig-

ure 8(a) that the thermal stability of the systems increases with

the increase of SiO2 content. When SiO2 content is 33.3 wt %

(U6), the initial degradation temperature decreases because of

agglomeration. Serious agglomeration of SiO2 brings about the

unevenness of crystalline. Therefore, the strength of the result-

ing membrane is reduced.

From Figure 8(b), it can be seen that there is difference among

the residual weights of the samples with different SiO2 contents.

This is due to the impurities existed in the UHMWPE waste,

which cannot decompose even under high temperature. Fur-

thermore, part of SiO2 that affecting crystallization is extracted

combined with the diluent during preparation.

Morphologies Analysis

SEM micrographs of synthetic paper from UHMWPE waste,

with and without filling, are shown in Figure 9. By comparing,

it is shown that all of the samples have almost similar surface

morphologies. The microvoids are on the surface with different

size and shape. But with the increasing of SiO2 content, the

agglomeration causes the unevenness of crystalline. As the

pores’ skeleton is weakened, part of them will collapse when

being extracted. From the SEM image of U6 with the highest

SiO2 content, it is found that there are different between the

pores size and distribution.

Usually, polymers are nonporous and have a chemically inert

surface with low surface energy, which resulting in weak adhe-

sion to other materials. But the synthetic paper based on micro-

porous material prepared using TIPS method was expected to

achieve the printing expectation.

Inkjet Printing Characterizations

Figure 10 illustrates the inkjet printing results, which also can

be confirmed by Supporting Information. It is indicated that all

the synthetic paper from UHMWPE waste have good adherence,

including the one that not filled with SiO2. U6 is of best print-

ing behavior when the SiO2 content reaches a maximum value

of 33.3 wt % [Figure 10(f)]. This may be owing to the filling of

SiO2, which can improve the paper opacity.

It also can be seen that the synthetic paper made from virgin

UHMWPE [Figure 10(h)] shows excellent printability. Similar

excellent print quality and ink adhesion are observed when

plain A4 cellulose paper [Figure 10(g)] is tested in the same

way. It is inferred that synthetic paper from UHMWPE waste

possesses good printing performance.

CONCLUSIONS

Synthetic paper based on UHMWPE waste was successfully pre-

pared using TIPS method. Whiteness of the resulting synthetic

paper was in the range from 70 to 90%. The tensile strength

can reach up to 5.5 MPa when the SiO2 content was 20 wt %.

Moreover, the resulting synthetic papers show good thermal

Figure 10. Ink-jet printing of synthetic paper from UHMWPE waste (a) U1, (b) U2, (c) U3, (d) U4, (e) U5, (f) U6, A4 cellulose paper (g), and synthet-

ic paper made of virgin UHMWPE (h). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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stability. All samples have good adherence resulting in good

printing effect. In addition, the synthetic papers have good

resistance to chemical corrosion and reveal good shape mainte-

nance. UHMWPE waste is expected to be recycled for preparing

synthetic paper, which can meet some special requirements in

different surroundings that cellulose paper is not applicable.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial support of

Shanghai Elle Image Material CO., LTD, China. The authors also

thank Shanghai University of Engineering Science for their kind

help in providing extruding equipment.

REFERENCES

1. Rochman, C. M.; Mark Anthony, B.; Halpern, B. S.;

Hentschel, B. T.; Hoh, E.; Karapanagioti, H. K.; Rios-

Mendoza, L. M.; Takada, H.; The, S.; Thompson, R. C.

Nature 2013, 494, 169.

2. Al-Salem, S. M.; Lettieri, P.; Baeyens, J. Waste Manage. 2009,

29, 2625.

3. Shent, H.; Pugh, R. J.; Forssberg, E. Resour. Conserv. Recycle

1999, 25, 85.

4. Jafar, J. J. KSCE J. Civ. Eng. 2016, 20, 243.

5. Bujak, J. W. Energy 2015, 90, 1468.

6. Miskolczi, N.; Bartha, L.; Deak, G.; Jover, B. Polym. Degrad.

Stab. 2004, 86, 357.

7. Achilias, D. S.; Roupakias, C.; Megalokonomos, P.; Lappas,

A. A.; Antonakou, E. V. J. Hazard. Mater. 2007, 149, 536.

8. Wong, S. L.; Ngadi, N.; Abdullah, T. A. T.; Inuwa, I. M.

Renew. Sustain. Energy Rev. 2015, 50, 1167.

9. Zhou, H.; Xun, R.; Zhou, Z.; Liu, Q.; Wu, P.; Wu, K. Fiber

Polym. 2014, 15, 519.

10. Santana, R. M. C.; Manrich, S. J. Appl. Polym. Sci. 2009,

114, 3420.

11. He, W.; Cheng, D.; Du, J.; Luo, Y. J. Appl. Polym. Sci. 2015,

132, DOI: 10.1002/app.41529.

12. Correa, A. C.; Santi, C. R. D.; Manrich, S. Macromol. Symp.

2006, 245–246, 611.

13. Santi, C. R. D.; Correa, A. C.; Manrich, S. Pol�ımeros 2006,

16, 123.

14. Sattari, M.; Mirsalehi, S. A.; Khavandi, A.; Alizadeh, O.;

Naimi-Jamal, M. R. J. Therm. Anal. Calorim. 2015, 122, 1.

15. Ding, H.; Tian, Y.; Wang, L.; Liu, B. J. Appl. Polym. Sci.

2007, 105, 3355.

16. Matsuyama, H.; Maki, T.; Teramoto, M.; Asano, K. J.

Membr. Sci. 2002, 204, 323.

17. Elhaj, A.; Irgum, K. ACS Appl. Mater. Interfaces 2014, 6,

15653.

18. Wang, Z.; Yu, W.; Zhou, C. Polymer 2015, 56, 535.

19. Zhang, C.; Bai, Y.; Gu, J.; Sun, Y. J. Appl. Polym. Sci. 2011,

122, 2442.

20. Liu, S.; Zhou, C.; Yu, W. J. Membr. Sci. 2011, 379, 268.

21. Wu, Y.; Cui, Y.; Jin, H.; Ning, C. J. Appl. Polym. Sci. 2015,

132, DOI: 10.1002/app.41321.

22. Zhang, C.; Zhu, B.; Ji, G.; Xu, Y. J. Appl. Polym. Sci. 2006,

99, 2782.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4415944159 (7 of 7)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

	l

