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ABSTRACT: This work deals with the design of lubricating greases formulations based on blends of mineral oil and recycled polypro-

pylene from postconsumer waste, coming from films with inks. In particular, the influence of polymer concentration on the rheologi-

cal, mechanical, and thermal properties of recycled polymer/oil blends was characterized. From the experimental results obtained, it

can be deduced that the evolution of recycled polymer/mineral oil formulations on linear viscoelasticity functions with frequency is

quite similar to that found for traditional lithium greases. It is observed that these blends form systems with enhanced ‘‘plateau’’

modulus, Go
N , with respect to industrial standard lubricating greases, which could be represent an important advantage, from an eco-

nomic and environmental point of view. However, the influence of temperature on linear viscoelasticity functions is more pro-

nounced than that found for traditional greases. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012

KEYWORDS: recycled polypropylene; rheology; mineral oil; mechanical properties; thermal properties

Received 14 December 2011; accepted 18 March 2012; published online 00 Month 2012
DOI: 10.1002/app.37726

INTRODUCTION

Population and economy growth worldwide have caused an

enormous increase in waste production. To minimize this prob-

lem, some alternatives are being studied, such as, for instance,

recycling of plastic materials.1 According to the statistics of the

Association of Plastics Manufactures in Europe, postconsumer

waste reached 24.7 million tonnes, increasing by 2.5% from

2009 levels. Out of these, 10.4 million tonnes were disposed of

and 14.3 million tonnes were recovered.2 Waste is perceived as a

major problem, especially for high-consumption plastics such as

polypropylene (PP).3 The recycling process of postconsumer

waste involves several steps such as collection, washing, grind-

ing, and extrusion. It has appeared to be complicated because

of the necessity of materials separation as well as lower material

properties (strength, stiffness, and stability) of recycled materi-

als. This is a consequence of both environmental and thermo-

mechanical degradations of its components because of its pri-

mary use and the recycling process itself. Recycled plastics can

be used as raw materials by mixing with virgin polymers and

subsequent coextrusion to produce multilayer films4 or blended

with stabilizers agents for other applications.5 On the

other hand, recycled plastics with degraded properties can be

eliminated by catalytic cracking,6 energy recovery,7 lubricating

greases modification,8 or landfilling.

One industrial application of these plastics waste is as a modify-

ing agent for lubricating greases, as the resulting mixture may

show similar or better performance to those containing virgin

polymers.9 Lubricating greases are generally considered complex

colloidal system formed by a thickening agent dispersed in a

viscous liquid medium. The physical, mechanical, and rheologi-

cal properties of the lubricating greases depend basically on its

colloidal structure, linked to the chemical composition, in par-

ticular to the proportion of thickening agent lubricant liquid

and additive.10 In general, virgin polymers because of their abil-

ity for swelling and gel formation in organic media might be

used as thickening agents11 or additives to other types of thick-

ening agents12 to either decrease the thickener content by keep-

ing the constant consistency or increase the consistency of

greases for some specific applications such as high-speed bear-

ings where leakage and sealing are particular concerns.13 Conse-

quently, replacing virgin by recycled polymers in development

of new lubricating grease formulations is a promising alternative

that is environmentally favorable. In this sense, recycled poly-

meric materials based on commodity thermoplastics are

VC 2012 Wiley Periodicals, Inc.
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attractive for their technical performance and versatility of proc-

essing–transformation. In previous works, we have studied that

recycled polyolefins from different plastics waste, such as low den-

sity polyethylene (LDPE), high density polyethylene (HDPE), co-

polymer of ethylene and vinyl acetate (EVA) and polypropylene

(PP), can be satisfactorily used as additives in the lubricating

greases formulation, acting as fillers in the soap-entangled micro-

structure, providing different rheological and mechanical

responses as a function of the type of recycled polymer used.8,14

In this work, the potential use of recycled PP from postcon-

sumer films, as thickener agent to formulate stable dispersions

in mineral oil, is explored. The influence of recycled polymer

concentration on the rheological and thermal properties as well

as evaluation of some lubricant performance properties (me-

chanical stability) were carried out to investigate the potential

applicability of these gel-like dispersions as lubricating greases.

EXPERIMENTAL

Materials

A naphthenic oil (SR-10) from crude distillation (110 cSt at

40�C, kindly supplied by Verkol Lubricantes, Spain) was used as

base oil for gel-like formulations studied. Recycled PP (Mw ¼
4.03 � 105; Mw/Mn ¼ 6.08; q ¼ 0.910 g/cm3; and melt flow

rate of 3.96 g/10 min refer to ASTM D 1238 2.16 kg load at

190�C) from postconsumer waste in the form of pellets, coming

from films with inks and provided by Eslava Pl�asticos, S.A

(Spain), was used as thickener agent.

Preparation of Recycled Polymer/Oil Blend Formulations

Binary blends of recycled polymer and oil were prepared in a

laboratory scale in an open vessel by stirring with an IKA RW-

20 mixer (Germany) with a four-blade propeller to disperse the

thickener agent. Batches of 600 g were processed for 60 min in

the molten state at 170�C and rotational speed of 150 rpm.

Then, the solution was cooled down to room temperature to

induce gelification. Cooling was carried out by placing the solu-

tion on steel sheet having a thickness of 3–5 mm. A final

homogenization treatment (rotational speed: 4000 rpm and

homogenization time: 5 min), using a rotor-stator turbine

(Ultra Turrax T-50, Ika, Staufen, Germany), was applied at

room temperature. Recycled polymer contents in the blends

were 4, 6.5, 9, 11.5, and 14% (w/w).

Characterization

Rheological measurements were carried out in both controlled-

stress (PHYSICA MCR-301, Anton Paar, Austria) and con-

trolled-strain (ARES, Rheometric Scientific, UK) rheometers

using plate–plate (25 and 50 mm diameter and 1 mm gap)

geometry. Small-amplitude oscillatory shear (SAOS) measure-

ments, inside the linear viscoelasticity regime, were performed

in a frequency range between 10�2 and 102 rad/s, and tempera-

tures ranged between 0 and 75�C. Strain sweep tests, at the fre-

quency of 1 Hz, were previously performed on each sample to

determine the linear viscoelasticity region. Viscous flow meas-

urements were performed at 25�C in a shear rate range of

10�4–102 s�1. A serrated plate–plate (25 mm diameter and 1

mm gap) geometry was used to avoid wall slip effects usually

observed during the flow of these materials.15 All the samples

had the same recent past thermal history. At least two replica-

tions were performed on fresh samples.

Differential scanning calorimetry (DSC) measurements were per-

formed with a Q-100 TA instrument using 5–10 mg samples

sealed in hermetic aluminum pans. The sample was purged with

nitrogen at a flow rate of 50 mL/min. Calibration of temperatures

and enthalpy was performed with standard indium using the

thermal software version 4.0. Heat flow curves were obtained by

applying a temperature program of �85 to 170�C/170�C to

�85�C/�85 to 170�C, with all ramps conducted at 5�C/min for

polymeric materials. The melting and glass transition tempera-

tures and the fusion enthalpy were calculated for samples from

the calorimetric data obtained during the second heating ramp.

Thermogravimetric analyses were carried out by using a Q-50

TA Instrument under N2 purge. Approximately 15 mg of each

sample was placed on a Pt pan and heated from 30 to 600�C at

10�C/min. Morphological characterization of samples was car-

ried out by means of atomic force microscopy (AFM), with a

Figure 1. Frequency dependence of the storage and loss moduli (a) and

tan d (b) at 25�C in the linear viscoelasticity region for recycled PP/oil

blend with different percentage of recycled polymer (filled symbols: G0

and empty symbols: G00).

Figure 2. Evolution of the plateau modulus with percentage of recycled

polymer (square symbols) and lithium soap (circles symbols).
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Multimode apparatus connected to a Nanoscope-IV scanning

probe microscope controller (Digital Instruments, Veeco Metrol-

ogy Group Inc., USA). All images were acquired in the tapping

mode, using Veeco NanoprobeTM tips.

Penetration and Mechanical Stability Tests. Both unworked and

worked penetration indexes of lubricating greases were deter-

mined according to ASTM D 1403 standard using the Seta Uni-

versal penetrometer, model 17000-2 (Stanhope-Seta, UK), with

a one-quarter cone geometry. The one-quarter scale penetration

values were converted into the equivalent full-scale cone pene-

tration values following ASTM D 217 standard. The samples

were worked in a Roll Stability tester, model 19400-3 (Stan-

hope-Seta, UK), according to ASTM D 1831 standard.

RESULTS AND DISCUSSION

Rheological Characterization: Linear Viscoelastic Behavior

Figure 1 shows the mechanical spectra in the linear viscoelastic-

ity range of polymer-based greases as a function of recycled

polymer concentration. As can be observed, the linear viscoelas-

ticity response is qualitatively similar for all the greases studied

and also similar to that found with other commercial lubricat-

ing greases.16 The evolution of the storage and loss moduli with

frequency for these lubricating greases (higher values of the

storage modulus and a minimum in the loss modulus at inter-

mediate frequencies) is characteristic of polymeric systems with

physical entanglements.17 As can be observed in Figure 1(a), a

significant increase in both SAOS functions and a shift of the

minimum in G00 to higher frequencies are noticed with

Figure 3. Frequency dependence of the storage and loss moduli (a, c, e) and tan d (b, d, f) in the linear viscoelasticity region for selected recycled polymer/

oil blend at different temperatures (filled symbols: G0 and empty symbols: G00).
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increased recycled polymer concentration. The aforementioned

increase in both linear viscoelasticity functions is similar in the

low frequency range, and, consequently, the relative elastic char-

acteristics of these gel-like dispersions are not significantly

affected, as can be observed in Figure 1(b) where the loss tangent

(G00/G0) is plotted versus frequency. However, these differences

increase with frequency. In this sense, formulations containing

high recycled polymer concentration show minimum loss tangent

values at large frequencies. The characteristic parameter of this

region, the plateau modulus, Go
N , defined for polymers as the

extrapolation of the contribution of the entanglements to G0 at
high frequencies,18 may be considered as a measure of the density

of physical entanglements, and consequently, it is related to the

strength of the microstructural network. The variation of Go
N , as a

function of recycled polymer concentrations, is represented in lin-

ear plots in Figure 2 for samples studied. It is observed that the

samples form polymer/oil gels with enhanced Go
N , with respect to

industrial standard lithium lubricating greases. These results are

also displayed19 for comparison purposes. These evolutions can

be fitted to power-law tendencies:

Go
N ¼ a � Cb

thickener: (1)

Corresponding potential factors of this power-law equation are

b ¼ 4.183 and b ¼ 3.794 for polymer/oil gels and lithium lubri-

cating greases, respectively. Figure 3 shows the evolution of the

linear viscoelasticity functions with frequency, as a function of

temperature, for three selected samples, containing 4, 9, and

14% (w/w) recycled polymer, respectively, over a temperature

range between 0 and 75�C. As can be observed, all the samples

show a gel-like behavior over the whole range of temperature

studied, with the storage modulus (G0) being higher than the

loss modulus (G00). Also, a well-developed plateau region was

displayed over the whole range of frequency studied. At lower

temperatures, the loss modulus becomes strongly dependent on

frequency. This can be observed in Figure 3(b,d,e), where the

values of the loss tangent (tan d ¼ G00/G0) versus frequency

have been plotted. Thus, there is a clear tendency to a crossover

between both viscoelasticity functions at high frequency and

low temperature (beginning of the transition to the glassy

region of the mechanical spectrum). In fact, a crossover between

G0 and G00 is found at 0�C and high frequencies [Figure 3(e)].

This behavior with the temperature is similar to that shown by

traditional lithium lubricating greases previously studied20 and

as, in the case of other copolymers, the ability of the polyolefin

to form physical networks can explain the gel-like mechanical

behavior shown by these materials over a wide range of

Figure 4. Evolution of the plateau modulus (square symbols) with tem-

perature, and Arrhenius’ fitting (solid line), for a selected recycled poly-

mer/oil blend.

Table I. Activation Energy Values, from eq. (2), for the Different Recycled

PP/Oil Blends Studied

% Recycled polymer Ea (KJ/mol)

14 (w/w) 2.69 6 0.16

11.5 (w/w) 2.84 6 0.13

9 (w/w) 2.87 6 0.15

6.5 (w/w) 3.02 6 0.16

4 (w/w) 3.12 6 0.14

Figure 5. Flow curves for selected recycled PP/oil blends.

Figure 6. TGA thermograms for selected recycled polymer/oil blend [9%

(w/w)].
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temperature and frequencies.21,22 These samples are not thermo-

rheologically simple materials and, therefore, it was not possible

to apply the time–temperature superposition principle to the

experimental linear viscoelasticity data.17 This fact may be due

to the development of multiphase domains depending on the

temperature and polymer concentration. Such domains interact

leading to the different mechanical responses with time and

temperature. This means that the value of the plateau modulus

is not unique for a given system but a function of temperature.

Thus, the evolution of Go
N with temperature has been fitted suc-

cessfully (see Figure 4 for a selected formulation) to an Arrhe-

nius-like equation (R2 > 0.991):

Go
N ¼ A � eEaR 1

Tð Þ; (2)

where Ea is the activation energy (J/mol), R is the gas constant

(8.314 J/mol K), T is the absolute temperature (K), and A is the

pre-exponential factor (Pa). Table I shows eq. (2) fitting param-

eters for the greases studied. The sample containing lower

recycled polymer content shows slightly the highest activation

energy. In this sense, these polymer/oil gels show a higher ther-

mal susceptibility than formulations containing higher polymer

content.

Rheological Characterization: Viscous Flow Behavior

From a rheological point of view, lubricating grease formulation

development needs the characterization of both viscous flow

and linear viscoelastic behaviors. Figure 5 shows polymer/oil

gels viscous flow curves as a function of recycled polymer con-

centrations. A shear-thinning behavior with a slight tendency to

a high-shear rate-limiting viscosity, g1, is observed. Shear rates

larger than those shown in Figure 5 produce the fracture and/or

sample expelling, as previously reported.15,23 Sisko’s model fits

this flow behavior fairly well (R2 > 0.995):

g ¼ m _cn�1 þ g1; (3)

Table II. Characteristic Parameters Obtained from TGA Measurements

Samples Tonset (�C)
Decomposition temperature
range (�C) Tmax (�C) W600 (%)

Lubricating oil 207 207–344 299.3 0.102

Recycled PP 422 422–483 457.1 3.964

4 213 213–390/390–500 295.1/457.4 0.246

6.5 210 210–388/388–498 296.8/460.4 0.238

9 210 210–391/391–494 293.8/460.5 0.369

11.5 205 205–390/390–504 286.7/462.1 0.713

14 208 208–391/391–500 289.1/460.2 0.732

Standard lithium grease 202 202–341/341–490 294.9/463.1 1.330

Figure 7. DSC heat flow curves for lubricant oil, recycled polymer used as

thickener agent, and recycled polymer/oil blends. The curves have been

shifted in the y-direction to make them distinguishable.

Figure 8. Evolution of melting peak area values and the ratio of areas di-

vided by the polymer fraction with recycled polymer concentration.
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where m is a parameter related to the consistency of the sample,

n is the slope of the shear thinning region, and g1 is the high-

shear rate-limiting viscosity. The values of these parameters for

the aforementioned samples are shown in Figure 5. As can be

observed, viscosity clearly increases with recycled polymer con-

centrations, yielding higher values of the consistency index, m.

On the other hand, the flow index, n, decreases by increasing

the thickener concentration, being quite close to zero for the

highest concentration studied, which is representative of the

typical yielding behavior shown by these materials.8,14

Thermal Characterization

Figure 6 shows the themogravimetric analysis curves, using N2

flux, for a selected polymer/oil gel [9% (w/w)], lubricating oil,

and recycled polymer. In general, thermal decomposition takes

place in just two stages, which is identical for all the blends

studied. The first step, obtained in the temperature range (205–

388�C), is attributed to the departure of the lubricating oil

from the sample. The second step occurs between 388

and 504�C and exhibits a total weight loss, in this case of 8.95%

(w/w) (depending on polymer content), which corresponds to

the recycled polymer degradations. It should be added that the

characteristic temperatures for the greases change in comparison

with those for each component (Table II). Lubricant oil

decreases their thermal stability as can be concluded from the

shift to Tmax toward smaller values (Table II), whereas for the

polymer, this temperature increases. On the other hand, DSC

measurement has also been used for samples characterization.

As can be seen in Figure 7, the heat flow curve of the recycled

polymer used shows several melting peaks, giving clear indica-

tion that the material is a mixture of different polymers.24

Thus, the two major melting peaks (at about 130.9 and

164.9�C) are attributed to the HDPE and PP, respectively. This

result is not surprising, because, for industrial products, PP is

usually blended with HDPE to improve its stability, and, during

the recycling process, it is not easy to separate different types of

plastics.25 The samples show two main thermal events. The first

one occurs in the low temperature region, at around �60�C,
and corresponds to the glass transition of the naphthenic oil.26

The second one takes place in the high-temperature region and

is a double endothermic melting peak corresponding to differ-

ent types of crystals of HDPE and PP that becomes more appa-

rent as polymer concentration increases, as can be observed.

Thus, the melting peaks of the two polymers crystalline phases

move to lower temperatures, as a consequence of the increased

effective volume of the polymer (polymer swelling) in the oil

medium.27 However, no significant shifting in oil Tg is observed,

which indicates that the amorphous part of the recycled poly-

mer and the oil show a large degree of incompatibility, from a

thermodynamic point of view, in this range of concentration.

From a thermodynamic point of view, the partial compatibility

between the recycled polymer and lubricant oil can also be

assessed by the heat fusion of melting for the crystals of HDPE

and PP, respectively. As can be seen in Figure 8(a), the enthal-

pies of these events always increase by the addition of recycled

polymer, and larger differences between melting peak area val-

ues are noticed as polymer concentration increases. In this

sense, this influence is illustrated in Figure 8(b), where the evo-

lution of the ratio of areas divided by the polymer fraction with

the content of polymer is shown. As can be observed, asymp-

totic values are obtained by increasing the addition of recycled

polymer. Thermal behavior influences how polymers are dis-

persed in the oil medium and, therefore, grease morphology.

Figure 9(a,b) shows some AFM observations for a selected sys-

tem [14% (w/w) recycled polymer]. A homogeneous polymer/

Figure 9. AFM observations [window size corresponds to (a) 50 lm and (b) 20 lm] for a selected recycled polymer/oil blend [14% (w/w)].

Table III. Penetration Values and Mechanical Stability for Recycled PP/Oil

Blends

Samples

Unworked
penetration
(dmm) NLGI

Worked
penetration
(dmm)

Penetration
change
(dmm)

4% (w/w) >475 >000 – –

6.5% (w/w) 429 00 495 66

9% (w/w) 387 00–0 429 42

11.5% (w/w) 263 1–2 323 60

14% (w/w) 210 2–3 257 47

Standard lithium
grease

367 0–00 390 23
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oil blend was obtained in all cases. However, at the microscopic

scale, both crystalline and amorphous fractions dispersed in the

oil medium can be distinguished, mainly corresponding to

HDPE and PP fractions, respectively, in the recycled material.

In this morphology, a swollen fraction in the oil media is per-

fectly detected as soft regions (dark zones) in the phase AFM

image. On the other hand, not swollen crystalline particles

appears as hard regions (light zones) in the phase AFM image.

Mechanical Stability

Mechanical stability of lubricating greases is important for con-

trolling the ‘‘in-service’’ performance and the relubrication peri-

ods. In many bearing applications, grease can be subjected to

high mechanical shear stresses or high loading conditions.

Hence, from a tribological point view, lubricating greases must

be physically and chemically stable during operation. In this

work, grease mechanical stability has been simulated by per-

forming the traditional penetration measurements before and

after the standardized roll-stability test. Table III and Figure 10

collect the penetration values obtained for unworked and

worked samples and the penetration increment obtained after

working, respectively. A lubricating grease is usually considered

stable to the continuous shear of rolling elements when its pen-

etration variation before and after the roll-stability test is

around zero. In this research, significant differences in mechani-

cal stability have been found depending on sample composition.

As expected, and in concordance with the rheological results, an

increase in polymer concentrations yields a decrease in the pen-

etration values, because of the increase in viscosity previously

mentioned. Similarly, the values of the penetration after work-

ing decrease with polymer concentration in the sample. How-

ever, samples containing large polymer concentrations show a

lower positive increment of the penetration index.

CONCLUSIONS

The ability for swelling and gel formation of recycled PP from

postconsumer waste, coming from films with inks in mineral

lubricating oil, to evaluate its applicability as thickener agent for

lubricating greases, was investigated. From the result obtained,

it can be deduced that recycled PP can be potentially used as an

effective thickener agent for lubricating greases. The evolution

of the linear viscoelasticity functions with frequency is qualita-

tively similar to that found for traditional lithium lubricating

grease. It is observed that recycled PP/oil blend formulations

form lubricant greases with enhanced ‘‘plateau’’ modulus, with

respect to industrial standard lithium lubricating greases, being

the corresponding potential factors of the scaling law Go
N a

soapb are, respectively, b ¼ 4.183 and b ¼ 3.794 for recycled

polymer and lithium lubricating greases, which may represent

an important advantage, from an economic and environmental

point of view. The systems studied are thermorheologically

complex materials, because of the complex structure developed

as a function of polymer concentration. An Arrhenius-type

equation can be used to quantify the thermal dependence of the

‘‘plateau’’ modulus. Thermal susceptibilities are lower for gels

containing higher polymer content in the formulation. From a

thermodynamic point of view, amorphous part of the recycled

polymer and oil used in these blends show a large degree of

incompatibility. However, the oil influences recycled polymer

thermal behavior, lowering its melting point and increasing the

ratio of HDPE crystallites. Thermal decompositions of these sys-

tems take place in two stages, showing slightly higher thermal

stabilities and maximum decomposition rate temperatures than

traditional greases based on lithium soap. In general, the sam-

ples formulations studied show slightly lower mechanical stabil-

ity tendency, mainly at lower polymer content, than traditional

lubricating greases.
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