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a b s t r a c t

2,5-Dimethylfuran (DMF) as a new synthesis alternative engine fuel has received much attention in

terms of its production and combustion characteristics. However there is a distinct lack of information

available on the tribological properties of DMF, and more specifically, its lubricity. In this paper the

lubricity of DMF was studied using a four-ball tribometer. The results show that DMF has better

antiwear and antifriction properties than commercial gasoline. The lubrication properties of gasoline/

DMF blends of 2–20 vol% have been examined in this paper. It has been found that 4 vol% DMF in

gasoline is optimal for reducing friction and improving the wear resistance.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The increase in research conducted into alternative fuel
sources is driven not only by the impact that hydrocarbon fossil
fuels (HCFF) have on the environment, but also the depletion of
HCFFs and the subsequent rise in the price of petroleum pro-
ducts [1]. There are many alternative fuels to HCFFs under
investigation including ethanol, biofuels and dimethyl ether
(DME). However, the properties and cost of these alternative fuels
can restrict their practical application. Ethanol, when blended
with gasoline, has a low energy density, a high volatility and high
water absorptivity, leading to high total hydrocarbon (THC)
emissions after combustion [2]. Biofuels cover a range of alter-
native fuels which can be produced from plant seed and vegetable
oils as well as animal fats. Biofuels can be limited by poor low-
temperature performance and oxidation stability, high NOx emis-
sions [3,4], high cost and difficulties in supply. DME is a syngas
derived alternative fuel which emits zero particulate emissions
when burnt in its pure form and decomposes into methane,
hydrogen and carbon monoxide. The limitations associated with
DME are low viscosity (an order of magnitude lower than
petroleum fuels), high volatility, high chemical corrosivity and
poor lubricity [5].

2,5-Dimethylfuran (DMF), a new synthetic energy fuel has
been developed in light of the limitations associated with the
existing alternative fuels [6]. In comparison to ethanol, DMF has a
40% greater energy density, a 20 1C higher boiling point and a
ll rights reserved.

ail.com (X. Hu),
higher octane number. DMF is insoluble in water but readily
blends with gasoline and can therefore act as an octane promoter
in gasoline. Román-Leshkov et al. synthesised DMF from fructose
biomass using a two-step catalytic technology [7]. Firstly, an
acidic catalyst was used to convert fructose into the intermediate
product 5-hydroxymethylfurfural (HMF), following this a copper–
ruthenium catalyst was used to convert HMF into DMF. This
development allows the production of DMF on a larger scale.
Further developments have included Zhao et al. who recently
reported a catalytic-synthesis method for producing HMF with a
highest yield of about 70% [8].

At present, studies concerning the application of DMF have
focused mainly on aspects of pyrolysis and its combustion. Grela
et al. studied the low pressure pyrolysis of DMF at low-tempera-
tures (between 777 and 977 1C) [9]. Reactants were heated in a
steady flow reactor and the products were analysed using a mass
spectrometer. It was concluded that the reaction to produce CO
was also the main reaction for the pyrolysis of DMF. Wu et al.
used tunable vacuum ultraviolet (VUV) synchrotron radiation
photoionization and molecular-beam mass spectrometry to iden-
tify the combustion intermediates in a low-pressure premixed
laminar 2,5-dimethylfuran/oxygen/argon flame with an equiva-
lence ratio of 2.0 [10]. More than 70 species were detected
including furan and its derivatives, aromatics, and free radicals.
Zhong et al. studied the performance of DMF in a gasoline direct
injection (GDI) engine [11], concluding that the combustion
characteristics and emissions were similar to those of gasoline.
To date however, there are no reported studies on the lubricity
of DMF as an engine fuel. This paper provides fundamental
tribological data for the potential application of DMF as engine
fuel and other potential applications of DMF in the energy
industry.
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2. Materials and methods

A summary of the materials and experimental apparatus used
in the study is shown in Table 1. Gasoline was purchased from
Hefei Petrochemical Co. The pure DMF was purchased from
Zaozhuang Chemical Co. Ethanol, acetone, and other chemical
reagents were purely analytical. The steel balls with the standard
diameter 12.7 mm were purchased from Hefei Bearing Co. The
main materials and apparatus used in the study are shown in
Table 1. The pure DMF and gasoline were ultra-filtered using a
0.5 mm quartzose-film to remove any other possible impurities.
The properties of the DMF and gasoline were evaluated after
filtration according to the standards shown in Table 2 along with
Table 1
Materials and apparatus.

Materials and apparatus Specification Manufacturer

Ball bearing steel AISI

52100

F12.7 mm

Hefei Bearing Co. China

HRC 59-61

Four-ball tribometer MQ-800 Jinan Shijin Group Co.

Optical microscope LY-WN-HPCCD Chengdu Liyang Electronics and

Hi-Tech Components Ltd.

DMF Chemically

pure

Zaozhuang Chemical Co.,

Shandong

Gasoline 93# Hefei Petrochemical Co.

SINOPEC

The significance of # is the different grade of gasoline products which were used in

China.

Table 2
Physical and chemical properties of filtered DMF and gasoline.

Item DMF Gasoline Method

Density at 20 1C (kgm�3) 906 746 EN ISO 12185

Viscosity at 40 1C (mm2s�1) 0.525 0.469 EN ISO 3104

Acid value (mg KOHg�1) 0.0531 0.0162 EN 14104

Flash point (1C) 0 �38 EN ISO 3679

Water content (mgkg�1) Trace Trace EN ISO 2160

Total contamination (mgkg�1) 0 0 EN 12662

Sulphur content (mgkg�1) 2 17 EN ISO 20846

Copper strip corrosion

at 50 1C for 3 h (grade)

1 1 EN ISO 2160

Extreme pressure (N) 333 274 ASTM D2783

Fig. 1. Schematic diagram of four-ball tester.
the physical and chemical properties of DMF and gasoline. It can
be seen that DMF has a higher flash point and lower sulphur
content than gasoline, and also a higher extreme pressure value.
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Fig. 2. Relationship between the friction coefficient of gasoline and DMF with

contact time.
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Fig. 3. Variation of average friction coefficient of gasoline blended with DMF in

increasing volume.
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Fig. 4. Effect of DMF on the wear resistance of gasoline.
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This implies that DMF has excellent load-carrying capacity and
good extreme pressure properties [12,13]. The acid value and
viscosity of DMF are also higher than those of gasoline. Other
properties in Table 2 between DMF and gasoline are similar.
Table 3
Average wear scar diameters and images of the steel ball surface after rubbing for 30

DMF (vol%) Image of stationary ball Image of rotatin

0
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8

At present, there are three main methods to evaluate the
lubrication properties of fuel, viz. the high frequency reciprocat-
ing rig (HFRR) [14–16], scuffing load ball-on-cylinder lubricity
evaluator (SLBOCLE) [17] and the four-ball test machine method
min under different DMF concentrations.

g ball AWSD (mm) Roughness of rotational

ball, Ra (mm)

0.44370.015 0.08670.01

0.42770.012 0.08170.015

0.37070.01 0.04770.014

0.4070.01 0.06170.01

0.44070.02 0.07270.01



Table 3 (continued )

DMF (vol%) Image of stationary ball Image of rotating ball AWSD (mm) Roughness of rotational

ball, Ra (mm)

10 0.47770.015 0.08170.012

20 0.50370.015 0.09370.015

100 0.29770.021 0.04570.013

Fig. 5. FT-IR spectra of DMF before and after friction. a: before friction, b: after

friction.
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[18]. The four-ball test can be used to evaluate the tribological
behaviour of both oils and fuels. For example, it can be used to
determine the wear behaviour of hydraulic pump components or
for comparing the differences between new and used engines oils
including the effect of particulate contamination on the lubricat-
ing properties of the used oils. Such tests have been shown to
correlate well with both bench and general vehicle field tests
[19,20]. In addition, the four-ball tribometer is commonly utilised
for assessing the lubrication properties of oils in China because
the method is fast, simple and cheap compared to the HFRR and
SLBOCLE methods [21].

In this study, the lubrication properties of DMF were evaluated
using an MQ-800 four-ball tribometer. The base gasoline, DMF
and the effect of DMF concentration on the lubrication properties
of gasoline/DMF blends of 2, 4, 6, 8, 10 and 20 vol% were all
examined. The effect of DMF concentration on the lubrication
properties of gasoline/DMF blends was also examined. A sche-
matic of the four-ball tribometer is shown in Fig. 1. In this study,
two different properties were tested: friction and wear. For the
lubricity tests, the load and rotational speed were set at 100 N
and 500 rpm, respectively. The tests were conducted at a humid-
ity of 55% for 30 min at an ambient temperature (approximately
25 1C) to minimise fuel evaporation. This ensured that the
remaining fuel in the specimen holder was enough to cover the
test specimens. The extreme pressure performance (PB value) was
measured at 1760 rpm for 10 s according to the ASTM D2783
standard. The friction coefficient and the wear scar diameter
(WSD) were obtained according to the Penn State Sequential Test
Method [18]. The average wear scar diameter WSD of the three
lower balls was measured using an optical microscope. Tests were
repeated three times and the average value was used to evaluate
the wear properties. Surface roughness measurement system
(Taylor–Hobson-6) was used to measure the surface roughness
(Ra) of the worn zone with a magnification of 10,000 times.
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Fourier transform infrared spectroscopy (FT–IR) was used to
analyse the composition structures of the DMF before and after
tribological testing. Total ion current (TIC) of DMF before and after
testing was analysed by GC–MS (GCT type), and the mass
spectrometer was set to scan for molecular masses ranging from
10–1000, using selective ion monitoring modes. The FT–IR (Nico-
let 67 type of cell, spectrum-100, resolution 0.09 cm�1) was
produced by the Perkin Elmer Inc., Waltham, MA, USA and the
GCT GC–MS was manufactured by Micromass UK Ltd. in
Manchester, UK.
Fig. 6. GC–MS chromatograms of DMF before and after friction. a: before friction,

b: after friction.
3. Results and discussion

3.1. Frictional properties

The average friction coefficients of DMF and gasoline were
0.038 and 0.089 respectively, confirming that DMF has better
lubricity than gasoline. Fig. 2 shows that the friction coefficients
of both gasoline and DMF increased slowly with time. Under
certain conditions, the friction coefficient increased with applied
load which could increase the contact area [21]. In this paper, it
was found that the friction coefficient increased with prolonged
time, perhaps as a result of increase in the contact area. Fig. 3
shows the variation of the average friction coefficient of the
gasoline with the increasing blend volumes of DMF. It was found
that DMF greatly enhanced the antifriction properties of gasoline
at all selected concentrations. The average friction coefficients
were 0.064, 0.062, 0.050, 0.048, 0.041 and 0.041 for the respective
volumes of DMF to gasoline (to 20 vol%); Fig. 3 also indicates that
saturation occurs around 10 vol% with no further improvements
in friction reduction with the increasing DMF concentration.

3.2. Wear resistance

The AWSD variation for gasoline with the increasing DMF
content is shown in Fig. 4. The AWSDs are taken from the three
stationary test specimens. It was found that the antiwear properties
of gasoline with DMF were significantly improved with increasing
DMF content when less than 4 vol%. The AWSD of gasoline was
0.44370.015 mm, while the AWSD of the gasoline with 4 vol% DMF
was 0.3770.01 mm, a decrease of 16%. AWSD increased signifi-
cantly with the increasing volumes of DMF above 4 vol%. The decline
in the antiwear properties of DMF in the blends greater than 4 vol%
may be due to excessive amounts of DMF causing negative effects
on the process of friction. An alternative explanation could be
attributed to the amount of DMF involved in the chemical reactions
that occur during the friction process. Moreover, when the amount
of the DMF was more than the counterbalance of the adsorption on
the friction surface, the antiwear properties of gasoline were
Table 4
The wave number corresponding to the main groups of DMF before and after

friction.

Conditions Before friction After friction

Wave number (cm�1) Corresponding to groups Corresponding to groups

3441 – –OH (hydroxyl)

2931, 2850 –CH3 –CH3, –CH2

1750, – –COO–

1671 CQO

1593 C¼C –

1270 – –COOH

1220, 791
reduced. It can be concluded that the decrease in friction coefficient
of DMF in gasoline outweighs that of the wear resistance.

3.3. Surface analysis

Table 3 shows the variation of AWSD and images of the worn
surfaces of the steel test specimens lubricated by gasoline
blended with DMF under the described experimental conditions.
When lubricated by DMF, the characteristic wear scars of the test
specimens are thin and slim. Conversely the specimens lubricated
by gasoline displayed wider and deeper wear scars. This confirms
that DMF has better wear resistance than gasoline. The amount of
active functional groups such as the carboxyl (–COOH) are
different in DMF and gasoline, perhaps explaining the difference
in wear resistance and the topography of the subsequent surface
damage. These active functional groups could react with the iron
(Fe) elements inside the steel specimens to produce a robust
antiwear film during the rubbing period. Table 2 shows DMF has a
higher viscosity than gasoline which indicates that DMF has good
adsorption on the rubbing surfaces during the friction process
[22–24]. Table 2 also shows that the acid value of DMF was higher
than that of gasoline, indicating that DMF had a higher free fatty
acid (FFA) content. From a molecular prospective, pure DMF does
not contain FFAs. The presence of FFA in this instance may be a
result of the differing preparation and storage methods used for
the test fuels. FFAs can enhance the lubricity of engine fuels,
although the influence is minimal [14].

3.4. Structure analysis

Fig. 5 and Table 4 present the FT–IR spectra of the base DMF
before and after testing. The peaks have been assigned as follows:
(i) 3441 cm�1 is the hydroxyl group (–OH) flex vibration peak,
which is a wide peak and shifts to the low wave number because
of the hydrogen association effect; (ii) both 2931 cm�1 and
2850 cm�1 are the methyl group (–CH3) and methylene group
(–CH2) flex vibration peaks; (iii) 1671 cm�1 is ascribed to the
carbonyl group (–CQO), which shifts to the low wave number
because of the conjugate effect of the hydroxyl group (–OH); (iv)
1593 cm�1 is ascribed to the double carbonyl group (CQC);
(v) 1270 cm�1 is ascribed to the carboxyl group (–COOH); (vi)
1220 cm�1 is ascribed to the furan group. From the absorption
peaks (i) to (vi), it can be concluded that there are alcohol,
carboxylic acid, carbonyl and furan groups in DMF after testing,
offering a fundamental interpretation of the tribological proper-
ties of DMF. The detailed components are confirmed by the GC–
MS results shown in Fig. 6.



Table 5
Main chemical components in DMF and relative reactions.

No. Retained time (min) Structure formula Height before friction (%) Height after friction (%) Relative reaction [10]

1 1.57 CH3OH 0.47 1.12 –

2 3.67 99.65 92.79 –

3 11.16 0 0.33

4 12.07 0 4.51

5 14.11 0 0.6

6 26.86 0 1.61
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The TIC of the distilled fractions shown in Fig. 6 and Table 4
describes the variation of chemical compounds in DMF before and
after friction. They show that friction has induced a series of new
chemical compounds. These compound changes were consistent
with the results of FT–IR, as shown in Fig. 5. The hydroxyl and
carboxyl groups existed in the DMF after friction which could
allow an interpretation to why adding a certain concentration of
DMF to gasoline promotes antifriction properties. Deterioration of
the anti-frictional properties of the fuel blends occurred above
blends fractions of 4 vol%.

The tribological process, with a number of frictional products
such as alcohols, acids and furans, is highly complex. At present,
there are few studies on the components of DMF after frictional
testing. In our paper, it is possible to conclude that there are
alcohols, acids and furans in the gasoline/DMF blends after
friction. Moreover, it is difficult to clarify the reactions of DMF
during the frictional process. However, the main products of DMF
after lubricity testing can be expressed by the reactions reported
in Ref. [10] and in Table 5. The occurrences of hydroxyl and
carboxyl groups in the main products of DMF after lubricity
testing can be regarded as the friction-induced chemical reactions
between rubbing pairs and DMF.
4. Conclusions
1)
 The friction reduction of pure DMF (2,5-dimethylfuran) is
superior to that of gasoline. As for the blend of DMF and
gasoline, the friction reduction of blends was improved with
the DMF content. At the same time, the friction reduction of
blends became stable and similar with pure DMF when the
blend volume fraction of DMF in gasoline is more than 10 vol%.
2)
 In case of wear resistance the pure DMF also shows a better
performance than that of gasoline. However there is striking
phenomenon for the blend volume fraction of DMF and gaso-
line. The wear resistance increased with DMF content in the
blend up to 4 vol%. The wear resistance decreased with DMF
content in the blends as DMF increased above 4 vol%, as the
chemical composition after testing was shown to change.
Nevertheless, pure DMF indicated the best wear resistance.
3)
 Vol% DMF in gasoline was shown to be the optimal ratio for
reducing friction and improving wear resistance.
4)
 The occurrences of hydroxyl and carboxyl groups in the main
products of DMF after lubricity testing can be regarded as
friction-induced chemical reactions between rubbing pairs
and DMF.
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