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Abstract: Marine lubricating oil (LO) is deteriorated by contaminants—especially marine gas oil
(MGO), which is invariably mixed during its usage—that can damage engine performance. This
study investigates a method for determining the content of MGO in lubricating oil. Weight loss from
MGO-containing lubricant was evaluated through thermogravimetric analysis (TGA), and a standard
calibration curve was plotted to establish a correlation with MGO content. A comparison of the
commonly used ASTM-based gas chromatography (GC) analysis, and this TGA approach revealed
that the former was more accurate when the lubricant contained <1% MGO; however, TGA afforded
higher accuracy when the MGO content was between 0.5% and 15%. Hence, TGA can be used as a
simple, reliable, and rapid method to analyze the contents of a lubricant contaminant such as MGO.
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1. Introduction

Maritime transport plays a significant role in international merchandise transactions,
forming part of a specialized, inexpensive bulk supply chain [1,2]. However, the shipping
industry has become an important source of greenhouse gas (GHG) emissions in recent
decades. Carbon emissions from the shipping sector worldwide account for almost 3% of
total CO, emissions. As a result, the International Maritime Organization (IMO) encourages
the conservation of resources and energy using GHG reduction measures [3]. In addition,
the appropriate management of engine oil not only optimizes engine performance but also
helps reduce energy loss [4].

In principle, lubricating oil (LO) converts dry friction into a fluid one that reduces
frictional resistance by functioning as a mediator between moving units such as the piston-
cylinder assembly, crank shaft, and oil pump [5-7]. In addition, lubrication is essential for
cooling through heat absorption, stress distribution, flushing, and corrosion prevention in
machinery parts [8].

LO performance is affected by both internal and external factors. Factors such as
oxidation and contamination by insoluble matter, including fuel, degrade the stability of
LO [9]. Fuel, especially diesel, can dilute the LO through abrasion of the cylinder head
and piston rings or defects in the fuel nozzle and pump [10]. In addition, diesel oil and
LO inevitably blend around parts that reciprocate relative to each other, such as the piston-
cylinder apparatus. As a result, intrinsic properties of the lubricant (e.g., the kinematic
viscosity) change, resulting in accelerated deterioration of the oil, which can cause the
engine to become overloaded and fall into disrepair [11].

Therefore, it is necessary to quantitatively determine the total amount of contaminants
such as fuel in the lubricant. In general, the fuel dilution method of lubricating oil based on
ASTM D 3524 [12], D 3525 [13], and D 7593 [14] is widely used. However, there are cases
where the peaks cannot be separated in gas chromatography (GC) analysis because the
boiling points of marine gas oil (MGO) and LO overlap. Agarwal studied the tribology of
LO blended with fuels to evaluate the performance of biodiesel by determining physical

J. Mar. Sci. Eng. 2021, 9, 339. https:/ /doi.org/10.3390/jmse9030339

https://www.mdpi.com/journal /jmse


https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://doi.org/10.3390/jmse9030339
https://doi.org/10.3390/jmse9030339
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jmse9030339
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse9030339?type=check_update&version=1

J. Mar. Sci. Eng. 2021, 9, 339 20of 10

characteristics such as moisture content and thermal properties through differential scan-
ning calorimetry [15]. Ng et al. proposed an alternative approach for the determination
of water in lubricants by infrared spectroscopy using solvent extraction with a titration
method [16]. Macian et al. investigated the thermal and fuel-dilution effects on oils using
infrared spectrometry to quantify LO oxidation. LO with even a small amount of con-
tamination often damages the engine [17]. However, it is difficult to identify such low
contamination levels. As a result, this topic has not been sufficiently investigated.

The present study aimed to quantify MGO mixed in aged LO for ships, to develop a
simple, reliable, and efficient method for monitoring the degradation of LOs. The MGO
contents in the LO were determined using GC as a general method and compared to the
results obtained via thermogravimetric analysis (TGA). In addition, TGA was applied to
Society of Automotive Engineers (SAE) 30 and 40 lubricants, and their MGO contents were
determined both in the presence and absence of moisture.

2. Materials and Methods
2.1. Sample Preparation

Commercial marine LO used in high-speed diesel engines (single grade SAE 40, API
CF) and MGO (category ISO-F-DMA, <0.5% sulfur) were purchased from GS Caltex, Korea.
The physicochemical properties of the commercial LO and MGO were determined using
the ASTM test method, the results of which are presented in Table 1. As both oils met the
minimum requirements of ISO 8217:2017 [18] and MTU specifications, the oils could be
used as sample references. ISO 8217:2017 (petroleum product specifications for marine
fuels) specifies the requirements of physical properties for MGO; MTU, a manufacturer of
commercial internal combustion engines, also provides those specifications for LO (fluid
and lubricant specifications).

Table 1. Physicochemical properties of commercial lubricating oil (LO), marine gas oil (MGO), and spent LO.

Property Fresh LO MGO Spent LO Test Method
Density, g/ cm? at 15 °C 0.8809 0.8755 0.8833 ASTM D 4052
Specific gravity 0.8817 0.8763 0.8841 ASTM D 5052
Kinematic viscosity, cSt at 40 °C 134.27 3.8121 90.716 ASTM D 445
Kinematic viscosity, cSt at 100 °C 14.746 - 11.54 ASTM D 445
Viscosity index (VI) 110.4 - 116.4 ASTM D 2270
Pour point, °C -39 —6 —43 ASTM D 97
Flash point, °C 244 72 232 ASTM D 93
TBN, mgKOH/g 12.8301 - 11.2581 ASTM D 2896
Sulfur content, wt% - 0.016 - ASTM D 4294
Water content, wt% 0.01 N/D 0.12 ASTM D 6304
Color, ASTM scale L35 L05 N/A (> 8.0) ASTM D 1500

Samples of LO containing MGO were prepared by mixing the LO with MGO. To
construct the calibration curves, LO was blended with 2, 5, 10, 20, and 50% MGO; to
assess accuracy, four different MGO concentrations (0.5, 1, 3, and 15%) were employed. To
evaluate the TGA method with respect to the presence of moisture, a LO sample containing
0.5 wt% water and 20% MGO was also prepared.

Spent marine lubricant was obtained from the high-speed four-stroke diesel main
engine (MTU) of a 1000 gross ton vessel that used the same grades of LO and MGO as the
reference samples, in order to apply the proposed method to an actual case.

2.2. Instruments and Parameters

GC based on ASTM D 3524 [12] was used as a test method to determine the amount
of diesel fuel in the lubricant. This ASTM method utilizes n-decane as an internal standard.
Chromatographic analyses were performed with a gas chromatograph (2010, Shimadzu)
equipped with a flame ionization detector (FID). The experiment was conducted using an
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RTX-1 column (0.25 mm X 0.25 um x15 m, Restek) with a dimethyl polysiloxane stationary
phase. A 1 uL injection volume of each sample diluted to 6 mg/mL in hexane was used.
The column temperature was increased from 40 to 325 °C at a heating rate of 10 °C/min
and then held constant at 325 °C for 10 min.

A thermogravimetric analyzer (TGA N-1000, Scinco) was used to determine the
amount of MGO incorporated in the LO. Each reference and mixed sample (19-21 mg) was
placed in an open aluminum pan (5.2 mm inner diameter x 2 mm height) and then put
in the thermogravimetric analyzer for analysis. Each sample was heated to 500 °C at a
heating rate of 15 °C/min while under a nitrogen atmosphere at a flow rate of 30 cc/min.

3. Results and Discussion
3.1. GC

LO samples containing 2, 5, 10, 20, and 50% MGO were analyzed as calibration
mixtures by GC. The GC chromatograms of commercial LO, MGO, LO/10% MGO, and
LO/10% MGO with internal standard are shown in Figure 1. Only n-Cyg is detected at a
retention time of 6.5 min. At 17 min, The MGO and LO peaks begin to overlap when the
first peaks attributed to LO are detected. In the chromatogram, the peaks derived from the
two components without any separation show a minimum overlap at 21.6 min when n-Cp3
is identified. Therefore, the range of MGO peaks was set from 9.5 to 21.6 min.
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Figure 1. Gas chromatogram of (a) commercial lubricating oil (LO), (b) marine gas oil (MGO), (c¢) LO/10% MGO, and
(d) LO/10% MGO with internal standard.
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In accordance with the ASTM method [12], the R values (diesel area/n-decane area) of
samples containing 2, 5, 10, 20, and 50% MGO were calculated as 0.00061, 0.00129, 0.00155,
0.00351, and 0.00851, respectively, using the total area of the MGO peak and area for n-
decane. All samples were measured in triplicate, and the standard deviations were within
5.77 x 105, the highest one for R value. The calibration curve for the MGO mixing ratio
and R value correlate well with a linear fit (2 = 0.9959), thus indicating a linear equation
(y = 0.00016x + 0.00023).

The four blended MGO/LO test samples (0.5, 1, 3, and 15% MGO) were then evaluated
by the GC method. The measured MGO contents based on the standard calibration curve
are shown in Figure 2. Analyses of mixed samples with <1% MGO in the LO are very
accurate, whereas when the MGO content is >3%, a large difference from the actual value
is observed; as the MGO concentration increases, it is difficult to completely separate the
MGO and LO peaks. As a consequence, only low concentrations of MGO can be accurately
identified. Note that the ASTM D 3524 method can be used only when the lubricant
contains 0-12 mass% diesel fuel.

0.01 T
calibration curve
0.008 +
0.006 + y =0.00016x+ 0.00023

R?=10.9959

0.004 +

x standard samples

0.002 + o test samples

0 - . t . t : t . t : t . 1
0 10 20 30 40 50 60

MGO content (%)

Figure 2. Comparison of the true and measured values (R = diesel area/n-decane area) of the marine
gas oil (MGO) content in lubricating oil (LO).

3.2. TGA

The TGA and derivative thermogravimetric (DTG) curves (Figure 3a,b, respectively)
were obtained for fresh LO and MGO. The TGA curve of the fresh LO indicates a fast
weight loss stage during which the base oil decomposes between ~200 and 390 °C. During
this stage, weight loss starts to increase sharply after 270 °C, with decomposition complete
at 430 °C. Shara et al. showed that the decomposition of LO was complete at 410 °C [19].
Alam et al. reported that LO consists mainly of C13-Cs3 hydrocarbons, while MGO contains
a significant portion of C11-Cyy hydrocarbons [20]. Weight loss from LO occurs over a
wider temperature range than MGO, thus implying a wider molecular weight distribution
for LO. After heating to 500 °C, carbon residues of 1.97 and 0.24 wt% were obtained for the
LO and MGO samples, respectively.
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Figure 3. (a) Thermogravimetric analysis (TGA) and (b) derivative thermogravimetric (DTG) curves of lubricating oil (LO)
and marine gas oil (MGO); LO starts to degrade at the temperature indicated with a red dashed line.

The DTG profile of fresh MGO reveals that its weight decreases until 275 °C, with one
major peak centered at 220 °C. To determine the MGO content in the mixed samples, the
temperature range of 140-210 °C was initially selected, owing to the fast decomposition
rate of MGO in this region. However, because both MGO and LO degrade simultaneously
in the range of 200-280 °C, an appropriate temperature for calculating the MGO content
was finally selected as 140-200 °C.

The TGA and DTG results for LO samples containing MGO depend on the MGO
content (Figure 4a,b). As the MGO content (0, 2, 5, 10, 20, and 50%) in the LO increases,
weight loss occurs at lower temperatures. In the DTG curves in Figure 4b, two peaks are
observed in the LO samples containing MGO. MGO has a lower molecular weight than
LO, and as the content of MGO increases, the magnitude of the low-temperature peak
also increases.
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Figure 4. (a) Thermogravimetric analysis (TGA) and (b) derivative thermogravimetric (DTG) curves for standard samples
(lubricating oil (LO) with 0, 2, 5, 10, 20, and 50% marine gas oil (MGO)).

To determine the ideal temperature for investigating MGO contamination, weight
losses from the standard samples were acquired from the TGA profiles in 10 °C intervals
between 140 and 210 °C. The relationship between MGO concentration and weight loss
from the standard samples at these specific temperatures is illustrated in Figure 5.

All of the standard calibration curves display a linear relationship between the MGO
mixing ratio and weight loss. Samples were measured in triplicate, and the mean standard
deviation range from 0.03 to 0.08. The 2 values of the standard calibration curves for
the samples at 140, 150, 160, 170, 180, 190, 200, and 210 °C are 0.9954, 0.9976, 0.9985,
0.9991, 0.9993, 0.9996, 0.9988, and 0.9985, respectively, implying good overall correlation.
Measurements obtained at >170 °C have higher > values owing to sharp MGO degradation.
Below 200 °C, volatilization of the LO is not observed and standard deviations are relatively
small; a similar tendency was observed for the test samples.
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Figure 5. Standard calibration curves according to the marine gas oil (MGO) content (0, 2, 5, 10, 20, and 50%) in lubricating
oil (LO) obtained every 10 °C from 140 to 210 °C.

Samples of LO containing 0.5, 1, 3, and 15% MGO were analyzed using TGA. This
analysis was also carried out in triplicate, with standard deviations < 0.07. As shown
in Table 2, the MGO mixing ratios for the samples were estimated using the standard
calibration curves. Temperatures from 140 to 170 °C were found to be invalid (indicated
as N/A) because LO was measured when its MGO content was <0.5%. Similarly, 210 °C
could not be used because the MGO content was <1% and LO decomposed. Both MGO
and LO degraded simultaneously at 200 °C and above. Since LO was observed at 200 °C,
a temperature below 200 °C was selected in order to obtain more accurate results for the
determination of MGO content. Experimental and calculated values of MGO concentration
indicated that 190 °C is the most effective temperature for the quantitative determination
of MGO content in LO.

Table 2. Calculation of MGO content in LO using the standard calibration curves.

MGO Content (%) in LO
Temperature (°C)

0.50 1.00 3.00 15.00
140 N/A N/A 1.66 13.64
150 N/A 0.35 1.58 14.54
160 N/A 0.60 2.00 14.58
170 N/A 0.93 2.25 14.61
180 0.20 1.15 2.39 14.41
190 0.43 1.40 2.67 14.53
200 0.60 1.54 2.72 13.75
210 0.85 1.85 2.97 14.04

The TGA-DTG profile of SAE 40 lubricant was compared with that of SAE 30 to
determine whether the method could be applied to the latter. The degradation of SAE
30 begins at 194 °C, i.e., before that of SAE 40, and increases more dramatically to reach the
same final temperature (Figure 6). No significant difference was observed in the weight
loss of the LOs below 190 °C for MGO determination. The measured MGO mixing ratio
for 3% MGO in the SAE 30 sample was calculated as 3.17%.
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Figure 6. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) profiles of
SAE 40 and SAE 30 lubricants.

The presence of moisture is a common phenomenon in the aging process of lubricants.
The TGA method can be used to observe matrix interference caused by other contaminants,
especially moisture. According to Wilson et al., few troubles are found in an engine
lubricated by LO with a moisture content below 0.1% [9]. Figure 7 shows the calculated
MGO content based on the presence or absence of moisture when LO contains 20% MGO.
Using TGA, we compared the calibration samples of 20% MGO in LO with and without
0.5% water. At 190 °C, little difference was observed in the MGO content based on the
presence or absence of moisture: the MGO content was 20.10% with moisture and 20.17%
without moisture, thus confirming that TGA can be used even in the presence of moisture.
Idris et al. demonstrated that the TGA curve could indicate the presence of moisture below
150 °C [21]. However, MGO degradation peaks in both the TGA and DTG profiles are
affected by higher moisture content. The MGO content should be carefully determined in
case the oil contains a considerable amount of water.

—
o

MGO content in LO (%)

— B
/'/-)

without with
moisture moisture

Figure 7. Comparison of marine gas oil (MGO) content in lubricating oil (LO) blends with and

without moisture.

3.3. Comparison of GC and TGA Analyses

Table 3 lists the calculated MGO content obtained through GC and TGA analyses. A
comparison of both data sets indicates that TGA is more reliable to determine the full range
of MGO content present in the blended samples. However, the LO sample containing 1%
MGO was measured more accurately by the GC method. These results show that GC is
more suitable for investigating LO with low MGO content.
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Relative response

Table 3. Comparison of gas chromatography (GC) and TGA methods for determining marine gas oil
(MGO) content in lubricating oil (LO).

MGO Content (%) in LO

Method
0.50 1.00 3.00 15.00
GC (ASTM D 3524) 0.60 1.09 2.28 10.91
TGA at 190 °C 0.43 1.40 2.67 14.53

In addition, TGA is simpler than the GC method when considering the process for
quantifying MGO content. No special sample preparation is needed when determining
MGO content with TGA, whereas clean up or dilution is necessary for GC in order to main-
tain instrument performance. MGO content is determined from weight loss of a sample at
190 °C in TGA, while the R value can be obtained from GC using a further calculation.

3.4. Application to an Actual Case

Actual spent lubricant from a main engine was analyzed in triplicate to quantitatively
determine MGO contamination by applying the GC and TGA methods. As expected, in
the GC chromatogram (Figure 8), the MGO and LO peaks are not completely separated.
MGO peaks of up to n-Cpg can be identified at a retention time of 24.2 min, including the
range of peaks from n-Cyq; to n-Cypy, which appear to be isolated from the LO peak. The
mean R value was 0.00092 with a standard deviation of 1.31 x 10~5. The MGO content was
determined to be 3.62% based on the calibration curve.

75 160 2Z5 150 75 260 Z5 250 75 3060 25 EO) £ min
Time (min)
Figure 8. GC chromatogram of the spent lubricant.

The TGA and DTG curves of the spent LO sample are shown in Figure 9. The profiles
do not exhibit a peak attributable to MGO in the temperature range of 0-275 °C; thus, the
LO contains less than 20% MGO when compared to commercial LO. In the DTG curve,
although the peak at 417 °C represents prominent degradation of additives in the LO
according to Shara et al., it does not influence the determination of MGO content [19].
MGO content in the spent LO was calculated as 4.13% (standard deviation of 0.03%) using
the calibration curve equation at 190 °C.

MGO contaminations in the spent LO were 3.62% and 4.13%, as determined by GC
and TGA analyses, respectively; no significant difference between the values was identified.
As TGA was validated to be applicable to the actual case as well as simulated lubricants, it
can be used as an alternative to the GC method.
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Figure 9. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) profiles of the

spent lubricant.

4. Conclusions

GC is a common method to quantify the MGO content in a LO. However, this method
is generally used only when the MGO content is less than 12%. In addition, the content
may vary based on the GC peak integration method used.

As an additionally verifiable method, TGA was evaluated and found to be a simple
and reliable method for determining the MGO content in LO. Standard calibration curves
based on the MGO content in the LO and the TGA weight loss were plotted. The MGO
contents in the LO were determined to be 0.5-15% with high accuracy; similar values
were obtained from GC analysis based on the ASTM D 3524 method. The applicability of
TGA was confirmed using both SAE 30 and moisture-containing lubricant samples. For
actual sample analysis, spent LO from a marine engine was subjected to both GC and TGA
analyses, with no significant difference in MGO content. Hence, the content of MGO in LO
can be measured simply and accurately using TGA as an alternative method to GC. In the
future, further work will be needed to verify the applicability of TGA for analysis of more
types of LOs used in marine engines.
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