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This research is aimed at studying the stability and tribology properties of the polyol ester oil- (POE-) based biolubricant mixed
with various filler loadings from microparticle of TEMPO-oxidized bacterial cellulose (NDCt) as an additive and sorbitan
monostearate (Span 60) as a surfactant. Morphology, rheology, and tribology tests were conducted. The addition of NDCt and
Span 60 to pure POE as a base fluid showed elevated viscosity, lower value of coefficient friction (COF), and a remarkable
decrease in the wear rate (WR). The presence of 0.6 wt% NDCt and 1.8 wt% Span 60 in POE (N2S4) decreased the COF value
by 79% in comparison to POE. At room temperature, this N2S4 biolubricant sample showed a higher thermal conductivity by
4% and lower WR value by 49% compared to POE. This study introduced the preparation of the ecofriendly biolubricant filled
with NDCt improving the tribology properties remarkably.

1. Introduction

Development of green lubrication technology with high effi-
ciency, energy saving, and environmentally friendly has
attracted great attention recently for many researchers [1].
The demand for using renewable energy in all aspects has
led to increased research on natural-based lubricants. [2].
One way to improve lubricant performance is by providing
additives. Additives with various functions had been applied
and proven to be viscosity improvers, antiwear agents, ther-
mal conductivity enhancer, detergents, etc. [3, 4]. Despite
the required technical characteristics, lubricants’ pollution
and environmental health problems have led to more atten-
tion in recent years [5]. A million tons of loss are released
into the environment every year [6]. The role of lubricant
additives in the world is also vital in environmentally friendly
applications [7, 8]. Calcium sulphonates, tricresyl phos-
phates, and zinc dialkyl dithiophosphates are conventional
additives with heavy metals and unhealthy elements [9].

Therefore, the demand for ecofriendly lubricant additives is
developing rapidly at present.

Ecofriendly additives from sustainable sources are con-
sidered more by researchers rather than conventional addi-
tives [8, 10, 11]. A recent study has explored cellulose from
the plant as an additive of biolubricant for improvement of
its tribology performance [12]. Generally, isolation of the
nanocellulose used a chemical treatment. Pure nanocellulose
can be obtained from bacterial cellulose (BC) without the
need for acid hydrolysis which provides environmental ben-
efits [13]. Source of BC is Komagataeibacter xylinus, a bacte-
rium commonly used for the production of nata de coco [14].
BC has high thermal and mechanical resistance, a high
degree of crystallinity, low cost, and density [15].

BC is hydrophilic in nature and has a large number of
hydroxyl groups [16]. The disintegrated hydrophilic BC
alone is agglomerated in hydrophobic synthetic lubricant
reducing its tribology performance. Individual cellulose
nanofiber dispersed in a lubricant is essential. Using 2,2,6,6-
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tetramethylpiperidine-1-oxyl (TEMPO) is a usual method to
reduce the agglomeration of the cellulose [17]. TEMPO also
has the antiwear ability and the free radical group which
could enhance the oxidative stability of POE oil [17–19].
Better stability of the individual fibers in lubricant plays an
important role in the improvement of the tribology proper-
ties of the lubricant [20]. Treatment of cellulose using a sur-
factant is a common strategy to look for the better stability of
the cellulose in a lubricant. Recently, Span 60 has been used
as a surfactant improving the stability of the nanofluid [21,
22]. A surfactant also has the antiwear ability, which, once
again, in this case, is very suitable as lubricant additives [23].

Numerous works have reported a biolubricant filled with
cellulose [24–26]. Recent research which is relatively similar
to our present investigation has quantified the characteriza-
tion of biolubricant mixed with cellulose from plant [12, 27,
28]. However, the study on tribology performance and vis-
cosity of POE-based biolubricant mixed with NDCt as an
additive and Span 60 as a surfactant is yet to be explored.
Therefore, the present work is aimed at preparing this biolu-
bricant which was filled with various filler loadings of NDCt
and Span 60. Stability and tribology performance of the
biolubricant were explored and discussed.

2. Materials and Methods

2.1. Materials. 2,2,6,6-Tetramethylpiperidine-1-oxyl
(TEMPO) with the purity of 98%, Span 60, sodium hypo-
chlorite (NaClO), and sodium bromide (NaBr) were pur-
chased from Sigma-Aldrich Company. POE (Emkarate)
was obtained from The Lubrizol Corporation. Wet BC pelli-
cle (300mm × 300mm × 10mm) as a raw material for
TEMPO-oxidized bacterial cellulose (NDCt) was purchased
from a small local market in Padang, West Sumatera,
Indonesia. The dried BC nanofiber has a crystallinity index
of 80% [15].

2.2. Preparation of Disintegrated NDCt. Figure 1 illustrates
the working flow of this research. The wet BC was soaked
with NaOH (10wt%) for 24h to remove the impurity and
then washed several times with distilled water until pH7.
This wet pellicle was disintegrated using an electrical blender
for 30 minutes. The wet disintegrated BC was dried using a
drying oven (Memmert UN-55) at 75°C for three days. The
dried BC film (about 5 g) was reblended and manually
ground using porcelain mortar to form a small particle pow-
der and then filtered using a handmade sieve (100 mesh) to
obtain a homogeneous particle size.

The dried BC particle was treated using a solution mixed
with TEMPO at room temperature. The treatment process
was similar as reported by a previous study with a little mod-
ification [29]. The dried BC powder (5 g) was suspended into
a solution from distilled water (300ml), TEMPO (0.1 g),
NaBr (0.3 gr), and NaClO (30ml). The mixture was stirred
using a plate stirrer (Daihan Scientific MSH-200) at
350 rpm for 2 h. The suspension was filtered using a custom
sieve (500 mesh) and neutralized with ethanol (250ml) for
several times until pH7, then fibrillated by a high-speed

homogenizer (IKA T-25) at 12000 rpm for 30min. This
NDCt/ethanol suspension was used as an additive in POE.

2.3. Preparation of Biolubricant. Biolubricant from the mix-
ture of NDCt/Span 60/POE was prepared by the following
method as shown in Table 1. POE oil as the base fluid was
compounded with various NDCt and Span 60 loadings.
NDCt and Span 60 with a ratio of 1 : 2 and 1 : 3 were dispersed
into the POE oil. Firstly, Span 60 was dissolved in POE oil
and stirred using a hot plate stirrer (Daihan Scientific
MSH-200) at 75°C for 30min [26]. Further, the NDCt/etha-
nol suspension was slowly added and then stirred at 110°C
for 2 h to evaporate the remaining ethanol until constant
weight and reach the exact amount as the composition of
the designed sample in Table 1. The obtained biolubricants
were homogenized using high-speed homogenizer (IKA T-
25) at 12000 rpm for 15min to disperse fillers in the
suspension.

2.4. Stability via Photo Capturing. The stability of the biolu-
bricant (NDCt/Span 60 in POE) as a function of time was
observed using the same method that is used in the literature,
photo capturing [28, 30]. A conventional camera was used to
capture each sample (20ml) in a glass bottle at various time
intervals for 0, 24, 48, 120, 240, and 720h.

2.5. Morphology Investigation of BC and Wear Scar of the
Disk. Surface morphology of the dried NDCt sample was
observed using FE-SEM (JFIB4610, JEOL) with 15 kV and
8mA. Before the FE-SEM observation, each NDCt sample
was coated using a gold evaporator system for 10 s and
10mA to reduce electron charge. Furthermore, the NDCt
size in suspension was measured using a particle size analyzer
(PSA) from Shimadzu SALD-2300 instrument equipped with
a cyclone injection-type dry measurement unit, “SALD-
DS5,” a batch cell-sample dispersion unit, “SALD-BC23”
(approximately 12ml). The measurement unit used to inves-
tigate the NDCt particle was a semiconductor laser operating
at 680nm. The morphology of the wear scar of the disk was
investigated using SEM (FEI QUANTA 650).

2.6. FTIR. The FTIR was determined with Spectrum Two-
UATR (Perkin Elmer, United States) which is integrated with
a detector of MIR TGS to detect the spectra. The scanning
range of the measurements was 500–4000 cm−1 with a scan-
ning speed of 0.2 cm/s.

2.7. Thermal Conductivity. Thermal conductivity of PO and
biolubricants are measured using a KD2 thermal property
analyzer (Decagon, USA, version 5). This equipment works
with the principle of a transient hot-wire technique. The
KS-1 sensor (60mm length, 1.27mm diameter) was used
for the thermal conductivity measurement. A circulating
thermostatic bath was used for controlling the samples’ tem-
perature within ±1°C. Thermal conductivity of PO and biolu-
bricants are investigated within a temperature range of 20 to
60°C. Each sample was measured with five repetitions. Iden-
tification of the significance of any differences in thermal
conductivity between PO and biolubricants was carried out
using one-way analysis of variance (ANOVA) and a p-test.
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Duncan multiple range tests were subsequently used using a
95% (p ≤ 0:05) confidence level. Experimental data were
analyzed using IBM SPSS Statistics 25.0 (IBM Corporation,
Chicago, USA).

2.8. Viscosity. DHR-1 rheometer (TA Instruments, USA)
accompanied by a 40mm diameter parallel geometry was
used to measure the viscosity of the samples. The samples
were placed between parallel plates with a diameter of
40mm and a gap of 1000μm and equilibrated at 20°C for
4min. The analysis conducted with a defined shear rate at
room temperature.

2.9. Tribology. The tribological tests were conducted using a
tribometer designed by Fuadi et al. [31]. Briefly, the equip-
ment has an AISI52100 ball (diameter of 8mm) and a grey
cast iron disk (30mm diameter) with a thickness of 5mm.
The surface roughness of both the ball and the disk was about
0.04μm. The friction test was carried out with a sliding speed
of 200 rpm at room temperature and a normal load of 5.5N.
The initial contact pressure between the ball and disk sur-
faces was 989MPa (Hertzian) as simulating friction in

boundary lubrication regimes. Wear rate (WR) of the disk
and ball with the unit of (mm3/Nm) is calculated using
Equation (1) [32]:

WR = ΔV
F × S

, ð1Þ

where ΔV is the volume loss (mm3), S is the sliding distance
of the ball (m), and F is the load applied to the disk (N). Vol-
ume loss for the disk is calculated using Equation (2).

ΔV = 2πR r2 sin−1 d
2r

� �
−

d
4

� �
4r2 − d2
� �1/2� �

, ð2Þ

where R is the radius of the wear scar, r is the diameter of the
ball, and d is the diameter of the wear scar.

3. Results and Discussion

3.1. The Physical Appearance of BC Nanofiber. Figure 2 shows
the FE-SEM morphology of (a) the BC film (before TEMPO
treatment) and (b) the NDCt film (after the mash and high-
shear homogenization process). Both films had many inter-
linked BC nanofibers from intermolecular hydrogen bonding
[14]. The diameter of a BC nanofiber was less than 100nm
(see Figures 2(a) and 2(b)). Figure 2(c) displays the distribu-
tion of the NDCt size in suspension. The average value of the
NDCt was about 230μm, smaller than that of the BC powder
(250μm) without TEMPO treatment. The reduction of this
size was attributable to the process of mash and homogeniz-
ing which may disintegrate some BC fibers as shown in
Figure 2(b) (brown arrow).

Start

Neutralizing the BC pellicle

Disentegrating the BC pellicle
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Figure 1: Flowchart of NDCt and biolubricant preparation.

Table 1: The composition of NDCt (N) and Span 60 (S) in the POE
biolubricant.

Sample Ratio of NDCt to Span 60
Mass fraction (wt%)

POE NDCt Span 60

PO 0 100 0 0

N1S2 1 : 2 99.1 0.3 0.6

N1S3 1 : 3 98.8 0.3 0.9

N2S4 2 : 4 98.2 0.6 1.2
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Figure 2: FE-SEM of (a) BC film, (b) the NDCt film, and (c) NDCt size in suspension after measuring using a PSA.
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Figure 3: FTIR spectra of PO and biolubricant with (a) complete spectrum and (b) sections of the hydroxyl groups.
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3.2. FTIR. The FTIR spectra of biolubricants were shown in
Figure 3. All samples display a similar form of the spectrum,
but the difference in the bands and intensity. Figure 3(b) pre-
sents O-H stretching vibration in the range of 3100-3500 cm-

1 which is a characteristic of the bacterial cellulose nanofiber
[15]. A band of –C=O groups at the peak of 1647 cm−1 con-
firms ester corresponds to the POE’s methyl group [33]. The
peak at 1455 cm−1 belongs to –CH2 groups of alkyl chains
[34, 35]. A band at the peak of 725 cm−1 is due to the presence
of C–H vibrations [33]. PO sample did not have a peak of the
O-H functional group (Figure 3(b)). As expected, the addi-
tion of NDCt in the PO sample led to the broader band and

stronger intensity shown by the N1S2 and N2S4 samples.
The strongest intensity was observed on the N2S4 sample
corresponding to the highest amount of NDCt in the fluid
[36]. However, the N1S3 biolubricant displays weaker inten-
sity of the peak of the O-H group than the N1S2 sample. This
is probably a result of an excessive amount of surfactant
which is more hydrophobic than NDCt [37].

3.3. Thermal Conductivity. Figure 4 showed the thermal con-
ductivity of the PO and biolubricant samples as a function of
temperature. Increasing temperature improved the thermal
conductivity resulting from an increase of the Brownian
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Figure 5: Stability observation of biolubricants at particular time.
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motion of nanoparticles [38]. Biolubricants had higher ther-
mal conductivity compared to the PO sample. This corre-
sponds to the thermal conductivity of bacterial cellulose
(0.9W/m.K) which is higher than POE (0.14W/m.K) at
room temperature [16]. Adding NDCt and Span 60 with
ratio 1 : 2 to the PO sample led to a significant increase
(p < 0:05) in thermal conductivity of the biolubricant. The
most conductive sample was measured on the N2S4 biolubri-
cant with the average value of 0.146W/mK (at 60°C) which is
increased significantly by 4% compared to PO sample. This
increment is because the mobility of the NDCt particle in
the fluid-created microscopic motion which caused micro-
convection [39]. Further adding the NDCt particle into the
fluid will create faster motion due to more intense van der

Wall forces between the NDCt particles, which increases
the heat transfer process [39]. Thermal conductivity of the
N1S3 sample was lower than the case of N1S2 probably as a
result of excessive surfactant which is consistent with
Figure 3.

3.4. Stability and Viscosity. To stabilize the fibers in the oil, a
low hydrophilic-lipophilic balance (HLB) of surfactant is
required [20]. Span 60 has an HLB value of 4.7, which is ideal
in this condition [24]. The qualitative sedimentation method
via photo capturing was used to observe the biolubricant’s
stability, as presented in Figure 5. A good stability nanofluid
is indicated with no more than 30% sedimentation after a
month [40]. It shows that N1S2 is the most stable sample
with no NDCt accumulation at the bottom of the test tube
after a month of sedimentation observation (Figure 5(f)).

On the other hand, the N2S4 sample was sedimented
after two days of investigation (Figure 5(c)). The N1S2 and
N2S4 samples have the same NDCt and Span 60 ratios
(1 : 2). The N1S2 sample obtained better stability than the
N2S4. This result is probably due to the higher concentration
of the surfactant (span 60) decreasing the viscosity of biolu-
bricants, thus increasing the particle’s sedimentation velocity
due to the effect of the faster Brownian motion and higher
activity of van der Wall forces [41].

Figure 6 shows the viscosity of all samples measured with
increasing shear rate ranges from 5 to 100/s at 25°C. It can be
seen that the viscosity of the biolubricant is increased with
the addition of NDCt. The N1S2 sample has the highest vis-
cosity compared to POE. A decrease in viscosity occurs when
the amount of the surfactant is increased. The N2S4 sample
had the lowest viscosity value compared to other biolubricant
samples. This tendency corresponds to a high concentration
of Span 60 reducing the viscosity value [42]. The long chain
of saturated hydrocarbon molecules in POE can crystallize
with the alkane groups from Span 60; thus, the POE bonds
become weaker [42].
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3.5. Tribological Studies (Friction and Worn Analysis). The
coefficient of friction (COF) along the cycle number for each
sample is displayed in Figure 7. The PO without filler shows
the rougher curve during the running-in period probably
because of higher friction between the ball and disk surface
[12]. After the addition of fillers (NDCt and Span 60) in
POE, the curve became smoother due to lower friction. At
the cycle number of 1395, the N2S4 sample displayed the
lowest COF value (0.024), a decrease of 79% compared with
POE (0.1). This is consistent with Figure 8 showing the addi-
tion of NDCt and Span 60 into POE decreased the WR of
sliding surfaces. The lowest WR value was observed on the
N2S4 sample, reduced to 49% compared to the PO sample.
This tendency is also supported by Figure 9 showing the
SEM surface morphology of worn block on the disk surface
after using each sample. As shown in the figure, the wear scar
width (the distance between two white dash-dot lines) after
using the biolubricant was reduced. The width value of the
PO, N1S2, N1S3, and N2S4 samples directly measured from
SEM observation was 202.2, 168.3, 165.4, and 160.1μm,
respectively. The lowest value for the N2S4 sample corre-
sponds to the smallest contact between the sliding surface
resulting from the formation of a triboboundary film from
the biolubricant between these sliding surfaces [43]. The
use of this N2S4 sample also resulted in the smoothest sur-
faces and the fewest number of black pits (brown arrow in
Figure 9(d)) on the wear track area. This phenomenon may

be the nanosized NDCt fibers which fill the scars and
grooves of the rubbing surface (the mending and polishing
effect) minimize surface roughness [44]. These results are
similar to a previous research on lubrication performance
of polyalphaolefin oil with cellulose nanocrystals [27]. This
work observed a COF improvement of 30% compared to
the base oil.

4. Conclusion

This research work has explored tribology properties of the
biolubricant prepared from POE mixed with the NDCt
microparticle and Span 60. The results have demonstrated
that the NDCt effectively improved the tribological proper-
ties of the base oil. The addition of NDCt as an additive in
POE has decreased the wear rate and the wear scar as a result
of the decreased contact between the sliding surfaces. The
best tribology performance was found on the N2S4 sample
from mixing of 0.6wt.% of NDCt and 1.2wt% surfactant.
The use of this sample reduced the average COF value of
about 40% and resulted in the smallest contact between the
sliding surface, the smoothest surfaces of the wear tracks,
and the maximum wear rate reduction of about 49% com-
pared with POE. These results offer deeper insights into the
effect of fillers on the improvement of tribology properties
of ecofriendly biolubricant prepared from bacterial cellulose
nanofibers.
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