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Abstract: The homemade soot capture device was used to burn Fischer-Tropsch synthetic diesel
(F-T diesel) in order to simulate the combustion of F-T diesel in the engine and collect its soot
(F-T DS, FS). The zinc-iron hydrotalcite (ZnFe-LDH) and the composite materials of FS and ZnFe-LDH
(F-T DS/ZnFe-LDH, FS/ZnFe-LDH) were prepared by hydrothermal synthesis, and the similarities
and differences in tribological characteristics of the above three lubricating materials such as 10# white
oil (10# WO) lubricant additives were investigated. FS is an aggregation composed of amorphous car-
bon and graphite microcrystals. ZnFe-LDH is mainly composed of nanosheets, Zn, and Fe hydroxide
particles, with a high degree of crystallization, while FS/ZnFe-LDH is a “sandwich layer” composed
of nanosheets and soot particles. Because of the addition of cetyltrimethylammonium bromide and
the grafting of a long carbon chain lipophilic group in the preparation process, FS/ZnFe-LDH has
better anti-wear properties than the FS and ZnFe-LDH Effect. When FS/ZnFe-LDH is added at
0.2 wt.%, the average friction coefficient (AFC) and average wears scar diameter (AWSD) are at their
lowest. Compared with pure 10# WO, the minimum values of AFC and AWSD have dropped by
36.84% and 22.58%, respectively. XPS analysis of the wear scar surface shows that when ZnFe-LDH
and FS/ZnFe-LDH are used as lubricating additives of 10# WO, together with the organic matter
in the white oil and the iron element in the friction pair, tribochemistry occurs under the combined
action of the adsorption force and the tribochemical reaction, a friction protection film containing
four elements of C, O, Fe, and Zn is formed on the surface of the wear scar, which effectively reduces
the wear and reduces the friction coefficient.

Keywords: coal indirect liquefied diesel soot; hydrotalcite; anti-friction; anti-wear; additive;
tribological characteristic

1. Introduction

With the development of the social economy, Chinese car ownership has increased
substantially, and the demand for oil and gas resources has further increased [1]. However,
Chinese energy resources distribution characteristics are rich in coal, poor in oil, and
minimal in gas, which means Chinese dependence on imported oil and gas resources
remain in high proportion. As a result, using Chinese rich coal resources to solve the
problem of shortage of oil and gas resources is feasible [2]. The production of diesel from
coal liquefaction is not only national energy security and strategic reserve technology
but also an important means of solving the Chinese energy crisis to balance fossil fuel
consumption and energy structure. Chinese coal-to-liquid technologies mainly include
indirect coal liquefaction, direct coal liquefaction, coal-oil co-process, and coal-to-methanol
technologies. Table 1 is a comparison table of the physical and chemical properties of coal-
to-diesel (Fischer-Tropsch synthesis diesel, F-T diesel) and commercial 0# diesel. As shown
in Table 1, in comparison with 0# diesel, F-T diesel has a higher closed flash point, cetane
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index, density, polycyclic aromatic hydrocarbon content and freezing point, lower kinematic
viscosity, oxidation stability sediment, acidity, and ash content. At the same time, other
physical and chemical properties are similar to 0# diesel. With the development of coal-to-oil
technology, coal-to-oil has gradually become an ideal substitute for engine fuel.

Table 1. Comparison table of physicochemical properties of Fischer-Tropsch synthetic diesel (F-T diesel)
and 0# diesel. (0# means number 0).

Physicochemical Properties F-T Diesel 0# Diesel Test Standard

Density (kg/m3, 20 ◦C) 773.2 737.8 GB/T 1884
Kinematic viscosity (mm2, 20 ◦C) 3.595 4.71 GB/T 265
Closed flash point (mg/100 mL) 78.5 55 GB/T 261

Oxidation stability sediment 2.0 2.5 SH/T 0175

Distillation Range

50% recycling
temperature 286.5 273

GB/T 653690% recycling
temperature 335.0 339

95% recycling
temperature 347.0 355

Sulfur content (mass fraction), mg/kg <1.0 0.81 SH/T 0689
Acidity (calculated by KOH), mg/100 mL not detected 5.64 GB/T 258

10% residual carbon after steaming
(mass fraction), % not detected 0.3 GB/T 17144

Ash content (volume fraction), % not detected 0.01 GB/T 508
Copper sheet corrosion (50 ◦C, 3 h), grade 1a 1a GB/T 5096

Moisture (volume fraction), % none trace GB/T 260
Total pollutant content, mg/kg / / GB/T 33400

Lubricity, wear scar diameter, µm 346 / SH/T 0765
Solidifying point, ◦C 5 0 GB/T 510

Condensation point, ◦C 4 4 SH/T 0248
Cetane value / 57.6 GB/T 386
Cetane Index 79 46 GB/T 11139

Polycyclic aromatic hydrocarbon content
(mass fraction), % 773.2 / SH/T 0606

Fatty acid methyl ester content
(volume fraction), % / / NB/SH/T 0916

Regardless of the fuel, it inevitably produces soot due to incomplete combustion
during engine operation. After the soot generated by the engine enters the lubrication
system, it causes abrasive wear, adhesion wear, and poor-oil lubrication, which will shorten
the service life of the machine [3]. Nonetheless, soot is not useless and completely harmful.
In addition, fuel soot, carbon nanotubes, graphene, fullerene, etc., are all carbon materials.
When a small amount of soot is used as an additive to lubrication oil and applied to other
machinery, it can have a bright anti-friction and anti-wear effect to some degree [4–13].
Hydrotalcite, a layered nanomaterial, has good tribological properties. As a lubricant
additive, it can improve the lubricating performance of the base oil and reduce friction and
wear [14–21]. As lubricating oil additives, soot and hydrotalcite are free of heavy metals,
are non-toxic and environmentally friendly, conform to the development trend of green and
environmental protection, and have good anti-friction and anti-wear properties. Therefore,
in this study, we synthesized a composite (F-T DS/ZnFe-LDH, FS/ZnFe-LDH) of F-T diesel
soot (F-T DS, FS) and zinc-iron hydrotalcite compound (ZnFe-LDH) via hydrothermal
synthesis. The physicochemical properties and tribological properties of FS, ZnFe-LDH,
and FS/ZnFe-LDH were investigated by various analytical methods. The purpose was
to explore a new type of lubricating material based on coal-to-diesel soot to improve the
tribological properties of lubricating oil and provide ideas for the recycling of soot from
alternative fuels for engines.
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2. Materials and Methods
2.1. Equipment, Raw Materials, and Reagents

The reagents used in the experiment include acetone, ethanol, zinc nitrate hexahy-
drate, ferric nitrate nonahydrate, urea, formamide, cetyltrimethylammonium bromide, and
sodium hydroxide. The reagents used above are all analytical reagents purchased from
the Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. F-T diesel was produced
by the China Energy Group Ningxia Coal Industry Co., Ltd., Ningxia Hui Autonomous
Region, China. The soot trapping device was homemade by the laboratory. 10# WO was
bought from the Siemo Lubricant Co., Ltd., Kunshan, China. We used a four-ball tester
manufactured by Jinan Hengxu Testing Machine Technology Co., Ltd., Jinan, China. The
steel balls used in the experiment were the 12.7 mm GCr15 four-ball machine standard test
steel balls developed by Sinopec Research Institute of Petroleum Processing, Beijing, China.

2.2. Preparation of Lubricating Materials

Preparation of FS: Combustion of F-T diesel in a soot collection device and the capture
of its soot (FS). The collected soot was dried and ground for later use.

Preparation of ZnFe-LDH: Prepared 50 mL of 1 mol/L NaOH aqueous solution for
standby application. Dissolved 5.9496 g (0.02 mol) Zn(NO3)2·6H2O and 2.02 g (0.005 mol)
Fe(NO3)3·9H2O in 50 mL deionized water, then added 2.121 g (0.035 mol) urea to the
above solution, dispersed ultrasonically for 30 min, marked it as solution A. Secondly, we
placed solution A in a magnetic stirrer, stirred and adjusted the pH value to 11 with the
previously prepared NaOH aqueous solution, and recorded it as solution B. Thirdly, we
put solution B into the reaction kettle, reacted for 12 h at 160 ◦C, and prepared ZnFe-LDH
by hydrothermal synthesis. After the reaction was completed, the solution was centrifuged
to obtain a lower layer of sediment. The precipitate was washed alternately with deionized
water and absolute ethanol several times, and after washing was completed, it was dried
and evenly ground for use.

Preparation of FS/ZnFe-LDH: The other process was the same as ZnFe-LDH, except
that 0.3645 g Hexadecyl trimethyl ammonium Bromide, 0.05 g FS, and 15 g formamide
were added to solution A during the preparation process.

2.3. Preparation of the Oil Sample for the Friction Test

We used FS, ZnFe-LDH, FS/ZnFe-LDH, and 10# WO to prepare the oil samples
required for the tribological experiment. Each lubricating material was equipped with
five groups of oil samples with a weight content of 0.1–0.5 wt.%. We carried out a 1 h
magnetic stirring treatment and 1 h ultrasonic dispersion treatment of the above-mentioned
oil sample so that the lubricating material and the base oil were evenly mixed. After the oil
sample was evenly mixed, it was immediately subjected to tribological experiments.

2.4. Tribological Experiments

The tribological experiments on 10# WO samples containing the above three lubricating
materials were carried out utilizing a four-ball tester. The experimental conditions were
set to 200 N, room temperature, 1000 rpm, 30 min. The friction coefficient (FC) was
recorded online.

2.5. Analysis Method

Fourier transform infrared spectrometer(FTIR) was used to detect the surface func-
tional groups of the three lubricating materials mentioned above. The element contents and
valence states were analyzed by X-ray photoelectron spectroscopy(XPS). The agglomera-
tions and morphology of the above three lubricating materials were measured by Scanning
electron microscope(SEM). The internal structures were conducted by High Resolution
Transmission Electron Microscope(HRTEM). SEM was also used to observe the surface
morphology of the steel ball after the tribological test. The element constitution and valence
state of the wear scar surface were detected with the help of XPS.
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3. Results and Discussion
3.1. FTIR and XPS Analysis

As we can see from the infrared spectra of the three lubricating materials in Figure 1
that the characteristic peaks of ZnFe-LDH and FS/ZnFe-LDH are very similar. However,
FS is very different from ZnFe-LDH and FS/ZnFe-LDH, which indicates that the functional
groups of ZnFe-LDH and FS/ZnFe-LDH are basically the same but distinct from FS. The
hydroxyl C-OH was associated with the characteristic peak near 3400 cm in Figure 1. For the
two materials FS and FS/ZnFe-LDH, the peaks of -CH2 bond were found at 2930 cm−1 and
2850 cm−1 separately. Moreover, for FS, the peak at 1725 cm−1 and 1613 cm−1 corresponded
with the C=O bond (1725 cm−1) and the C=O bond on the aromatic ring (1613 cm−1). In the
FS infrared spectrum, the peak that appears at 1384 cm−1 was caused by the C-H bond.
The characteristic peak at 1044 cm−1 was assigned to the ether bond C-O-C. In the infrared
spectra of ZnFe-LDH and FS/ZnFe-LDH these two materials, the peak of the O-C-O bond is
observed, which is in the range of 1500–1636 cm−1. The peak at 1395 cm−1 (1392 cm−1) was
caused by the symmetrical stretching vibration of carbonate O-C-O in the ν3 modes [22],
and a peak that confirmed the presence of zinc hydroxylation (Zn-OH) was found near
950 cm−1 [23]. The three peaks appearing in the range of 835–1048 cm−1 were carbonate
stretching vibrations. The two peaks at 465–549 cm−1 are related to the metal-oxygen
bond [24,25].
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Figure 1. Fourier transform infrared spectrometer(FTIR) spectra of Zinc-iron hy-

drotalcite(ZnFe-LDH), FS/ZnFe-LDH, and F-T diesel soot (F-T DS, FS). 

Figure 1. Fourier transform infrared spectrometer(FTIR) spectra of Zinc-iron hydrotalcite(ZnFe-LDH),
FS/ZnFe-LDH, and F-T diesel soot (F-T DS, FS).

To investigate the differences in the elemental composition of the above three lu-
bricating materials, the elemental valence composition of the three lubricating materials
prepared was analyzed through XPS. Figure 2 shows the full spectrum of the three lu-
bricating materials, FS, ZnFe-LDH, and FS/ZnFe-LDH, all discovered two elements of
C and O. It is worth noting that, among them, ZnFe-LDH and FS/ZnFe-LDH detected
the two elements Zn and Fe. To further distinguish them, the fine spectra of the above
elements were fitted. Figure 3a,c,g shows the carbon element spectra of FS, ZnFe-LDH,
and FS/ZnFe-LDH, respectively. The C-C bond, which is used for charge correction, is
shown by the peak at 284.8 eV. The characteristic peak of 286.28 eV in the carbon element
spectrum of FS is attributed to C-O-C or C=O; For the carbon spectra of ZnFe-LDH and
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FS/ZnFe-LDH, in Figure 3c,g, the peaks appearing at 289.47 eV and 289.33 eV are related
to carbonate hydroxides [26]. Figure 3b,d,h shows the oxygen element spectra of the three
lubricating materials, respectively. For FS, the peaks of C-O and C=O appear at 531.8 eV
and 533.81 eV, respectively. The characteristic peaks appearing at around 529.6 eV in the
oxygen spectrum of ZnFe-LDH and FS/ZnFe-LDH are assigned to metal oxides (Zn-O,
Fe-O) [27]. In Figure 4d,h, the peak at about 531.7 eV corresponds to the existence of
surface defects in ZnFe-LDH and FS/ZnFe-LDH, in the form of oxygen vacancies [28].
Figure 3e,i shows the zinc element spectra of ZnFe-LDH and FS/ZnFe-LDH, respectively.
In Figure 3e,i, the two peaks corresponding to Zn2p3/2 and Zn2p1/2 appear near 1022 eV
and 1045 eV, respectively [29]. Figure 3f,g shows the iron element spectra of ZnFe-LDH and
FS/ZnFe-LDH, respectively. In the figure, characteristic peaks around 721 eV and 725 eV
belong to Fe3+, the peaks around 718 eV belong to the satellite peaks of Fe2p3/2 [30]. The
result of XPS analysis corresponds to the result of infrared spectrogram analysis.
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Figure 1. Fourier transform infrared spectrometer(FTIR) spectra of Zinc-iron hy-
drotalcite(ZnFe-LDH), FS/ZnFe-LDH, and F-T diesel soot (F-T DS, FS). 

 

   
Figure 2. X-ray photoelectron spectroscopy(XPS) survey spectra of ZnFe-LDH, FS/ZnFe-LDH, and FS. 

  

Figure 2. X-ray photoelectron spectroscopy(XPS) survey spectra of ZnFe-LDH, FS/ZnFe-LDH, and FS.
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Figure 4. Scanning electron microscope(SEM) diagram of ZnFe-LDH, FS/ZnFe-LDH, and FS. From
the HRTEM images of the above three lubricating materials in Figure 5, we know that FS consists of
a few graphite crystallites and amorphous carbon and that ZnFe-LDH and FS/ZnFe-LDH mainly
consist of nanoflakes. The nanoflakes in ZnFe-LDH are well dispersed, and the lattice strips are
relatively clear. The surface layer of the FS/ZnFe-LDH nanosheets has soot and particles attached,
and the lattice strips are more disorderly. Based on the analysis of the results of SEM and HRTEM,
the nanosheets of FS/ZnFe-LDH and soot form a unique “sandwich layer” structure when used as a
10# WO lubricant additive, with tribological properties perhaps better than FS and ZnFe-LDH.
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3.2. Structure Analysis and Surface Topography Analysis

The SEM images of the three lubricating materials are seen in Figure 4. Figure 4a,d is FS,
Figure 4b,e is ZnFe-LDH, Figure 4c,f is FS/ZnFe-LDH. As we can see from Figure 4, FS is an
agglomeration composed of spherical carbon particles, but ZnFe-LDH and FS/ZnFe-LDH
consist of nanoplates and particles. Compared with FS/ZnFe-LDH, ZnFe-LDH can be ob-
served as more dispersed nanoplatelets, while FS/ZnFe-LDH is a stacked layered structure
of nanoplatelets, with some particles and soot filling in between the nanoplatelets.

3.3. Influence of the Three Lubricating Materials on the Anti-Friction Performance of 10# WO

Figure 6a,c,e shows the friction coefficient (FC) variation with test time for the above
three lubricating materials, respectively. Figure 6b,d,f shows the average friction coeffi-
cient (AFC) changes with the additional amount of the above three lubricating materials,
respectively. As shown in Figure 6a,d, FS has a certain anti-friction effect. As the conver-
gence of FS in base oil increases, the changing trend of FC appears to decrease and then
increase. When the addition amount is 0.4 wt.%, the FC is the smallest but still fluctuates,
and when the additional amount is increased to 0.5 wt.%, the FC rises sharply, and there
is a big fluctuation. As a 10# WO additive, FS itself is a kind of agglomerate of carbon
microspheres, prone to agglomeration in 10# WO. And when the added amount is large,
the agglomeration of soot is more serious, making the anti-friction effect of FS ineffective,
so the FC curve is unstable [31]. Figure 6a shows that when the FS content is 0.2 wt.%,
the FC rises sharply after 1400 s. The reason for this is that FS has poor oil solubility
and uneven dispersion in 10# WO. Figure 6b,c, the FC change diagram and AFC change
diagram of ZnFe-LDH, shows that the friction reduction effect of ZnFe-LDH is limited.
When the addition amount of ZnFe-LDH was 0.1 wt.%, the FC was the lowest. After adding
ZnFe-LDH to 10# WO, it was found that the FC curves of all the added concentrations
showed a sharp increase in FC after 1200 s. After the addition of ZnFe-LDH reached the
minimum of 0.1 wt.%, the AFC continued to increase with the increase of the addition,
but the highest AFC did not exceed the AFC of 10# WO. Analysis of the reason for this
phenomenon is that ZnFe-LDH, as a material mainly composed of nanosheet, the limited
dispersibility in the base oil makes its anti-friction effect unsatisfactory. Furthermore,
it shows that when ZnFe-LDH is used as an additive of 10# WO, the added content should
not be too high. From Figure 6e,f we see that compared with FS and ZnFe-LDH, the FC of
each addition amount of FS/ZnFe-LDH is relatively lower, and the trend of AFC change
is first to decrease and then increase. When the addition amount of FS/ZnFe-LDH was
0.2 wt.%, the AFC was the smallest, and the FC curve was relatively steadier without large
fluctuations. The reason is that the unique “sandwich layer” structure of FS/ZnFe-LDH has
played a role. Besides, FS/ZnFe-LDH added cetyltrimethylammonium bromide during the
preparation process, and the surface was grafted with long carbon chains, which improved
its oil solubility and dispersibility [32]. The AFC of 10# WO is 0.114, and the minimum
AFCs of the three lubricating materials are 0.09, 0.084, and 0.072, respectively. Compared
with 10# WO, the minimum AFC of the three lubricating materials was reduced by 21.05%,
26.32%, and 36.84%, respectively. FS/ZnFe-LDH has the largest reduction in AFC, which
proves that the lubrication performance of FS/ZnFe-LDH is the best among the above three
lubricating materials.

3.4. Influence of the Three Lubricating Materials on the Anti-Wear Properties of 10# WO

Figure 7a reveals the morphology of test ball wear scars under base oil, Figure 7b–f
shows the morphologies of the lower test ball wear scars with different additions of
FS, Figure 7g–k shows the morphologies of the lower test ball wear scars with different
additions of ZnFe-LDH, and Figure 7l–p shows the morphologies of the lower test ball
wear scars with different additions of FS/ZnFe-LDH.
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As we can see from Figures 7 and 8, the average wear scar diameter (AWSD) of 10# WO
was 0.62 mm, and the AWSD after adding the above three lubricating materials were all
less than the AWSD of 10# WO. With the increase of the above three lubricating materials
additions, the AWSD changes showed different trends. The oil sample with FS added had
a decreasing and subsequently increasing AWSD change pattern. The minimum value
of AWSD (0.5 mm) was reached when 0.4 wt.% FS was added. The AWSD of ZnFe-LDH
was a continuously increasing trend. The minimum AWSD (0.53 mm) was reached at the
concentration of 0.1 wt.%, 14.52% less than pure 10# WO. The AWSD of FS/ZnFe-LDH
presented a V-shaped change trend, first decreasing and then increasing. The minimum
AWSD (0.429 mm) was reached at 0.2 wt.% when the addition amount was 0.2 wt.%,
22.58% lower than the AWSD of 10# WO. The changing trend of AWSD was consistent
with the changing trend of AFC. ZnFe-LDH has a certain anti-wear effect, but as the added
content increases, its anti-wear performance is weakened. The reason is that ZnFe-LDH has
poor dispersibility in 10# WO. FS/ZnFe-LDH’s surface is grafted with long carbon chains
and its unique “sandwich layer” structure, which makes FS/ZnFe-LDH possess the best
anti-wear performance.
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3.5. Analysis of Wear Scar Surface Morphology and Anti-Friction and Anti-Wear Mechanism

The wear scar on the steel ball was analyzed using SEM. The wear scar was magnified
1000 times to observe the wear condition of the steel ball surface. The wear scar morphology
results are shown in Figure 9. As we can see from Figure 9, after adding the above three
lubricating materials, the changing trend of the surface wear of the upper test ball was
consistent with their respective AFC and AWSD change trends. The surface wear of FS
decreases gradually as the addition amount decreases and then increases. The wear was
the lightest when the amount of addition was 0.4 wt.%. The surface abrasion of ZnFe-LDH
became more serious with the increase of the additional amount. However, the surface
wear of FS/ZnFe-LDH gradually improved with the increase in the amount of addition,
and then the wear intensified. The lightest wear occurred when FS/ZnFe-LDH was added
at 0.2 wt.%.
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Figure 9a shows the wear scars under 10# WO lubrication. As we can see from the
figure, deep furrows with serious surface and shallow furrows are staggered and denser
and deep furrows, along with larger spalling pits. Figure 9b–f shows the wear scars of the
upper test ball with different added amounts of FS. We can see from the figure that when
the FS addition amount is low, dense, deep furrows and some smaller spalling pits can be
found on the surface. Moreover, by increasing FS addition amounts, the wear condition
was improved, and the deep furrows were gradually reduced. When the addition amount
of FS was 0.4 wt.%, the densely small furrows in the surface wear scars accounted for the
majority. Dense and significant deep furrows reappeared when the amount of FS was
increased to 0.5 wt.%. The reason is that when the FS content was too low, it was unable to
build a homogeneous friction lubrication coating on the surface, resulting in serious wear.
The main reason for the more serious wear when the added amount was too high is that FS
agglomerates into large particles in the oil, which aggravates the wear. Figure 9g–k shows
the surface wear scars of the upper test ball with different additions of ZnFe-LDH. As this
shows, surface wear will gradually exacerbate with the increase in the addition amount.
When the addition amount of ZnFe-LDH was 0.1 wt.%, the wear was relatively slight, and
there were dense furrows and sporadic deep furrows on the surface. But when the additive
amount gradually increased, the serious deep furrows on the surface gradually increased.
When the addition of FS/ZnFe-LDH was increased to 0.5 wt.%, the deep furrows with dense
wear scar surface accounted for the vast majority, and some serious furrows intersected.
The analyzed reason is that the oil solubility of ZnFe-LDH is not very good, and the degree
of crystallinity is high. ZnFe-LDH became abrasive particles during the friction process,
which made densely deep furrows appear on the friction surface. Figure 9g–k shows the
surface wear scars of the upper test ball with different additions of FS/ZnFe-LDH. As we
can see, the surface wear of FS/ZnFe-LDH significantly improved compared with the
other two additives, and the wear of each concentration is relatively slight compared to
FS and ZnFe-LDH. When the addition amount was 0.1 wt.%, dense furrows appeared on
the surface. In the wake of the increase of the FS/ZnFe-LDH addition amount, when the
addition amount was 0.2 wt.%, only very shallow furrows existed on the surface. However,
after the addition amount continued to increase, dense furrows reappeared, and the most
severely dense furrows reappeared on the wear scar surface when the addition amount
was 0.5 wt.%. Compared to the wear scar surface of pure white oil, FS, and ZnFe-LDH,
the wear was relatively slight when the addition amount was 0.5 wt.%. The fundamental
explanation for this is that FS/ZnFe-LDH disperses well in 10 WO due to its “sandwich
layer” structure. Therefore, adding FS/ZnFe-LDH can make the wear ball test less abrasive.

XPS analysis was used to investigate the elemental composition of the wear scar.
The purpose was to investigate further the similarities and differences of the above three
lubricating materials as anti-friction and anti-wear mechanisms.

Figure 10a,d,g,j shows the C1s spectra of the four groups of steel ball surface wear scars.
The peak corresponding to the C-C bond was detected at 284.8 eV. For Figure 10a,d, the
peak at 288.63 eV and 288.53 eV correspond to the C-O bond or C=O bond. In Figure 10g,j,
the peaks of the C-O bond, C=O bond, and metal carbonate were found at 288.66 eV and
288.52 eV. The peaks of the C-O-C bond emerge at 285.79 eV and 285.54 eV. A lubricating
protective film forms on the surface of the wear scar as a result of the tribochemical reaction
and adsorption that occurs during the friction process. This protective film is the main
source of carbon.
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Figure 10b,e,h,k shows the O1s spectra of the surface wear scars of the four groups
of steel balls. Among them, the peaks appearing around 530.2 eV in Figure 10b,e shows
characteristic peaks of Fe oxides, and the peaks appearing around 531.6 eV are characteristic
peaks of the C-O bond or C=O. For Figure 10h,k, the characteristic peaks at 530.2 eV and
530.15 eV are assigned to the oxides of Fe and Zn. The source of the oxygen element is
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divided into two parts, one part comes from the lubricating protective film, and the other
part comes from the oxidation of Fe. In Figure 10c,f,i,l, the Fe2p spectra of the four groups
of steel ball surface wear scars, the peak of iron oxide emerges at 710.83–711.27 eV, the
peaks appearing at 724.63–724.83 eV are the satellite peaks of iron oxide.

Differences between the 10# WO, FS, and Zn were also detected in the wear scars
on the surface of the steel balls of the ZnFe-LDH and FS/ZnFe-LDH. The characteristic
peaks in Figure 10m,n near 1022 eV and 1045 eV correspond to Zn2p3/2 and Zn2p1/2,
separately [29], showing that the lubricating protective film formed on the surface wear
scars of the above two sets of test balls not only contains the three elements of C, O, and
Fe, but also contains Zn. Its source comes from adding ZnFe-LDH and FS/ZnFe-LDH in
10# WO.

4. Conclusions

1. FS is an agglomeration composed of amorphous carbon and graphite crystallite.
ZnFe-LDH is mainly composed of Zn and Fe hydroxide nanosheets with a high
degree of crystallinity. FS/ZnFe-LDH is a “sandwich layer” material composed
of nanosheets and soot. FS/ZnFe-LDH may significantly improve the lubricating
performance of 10# WO compared to FS and ZnFe-LDH.

2. The anti-friction and anti-wear capabilities of the three lubricating materials prepared
were different. FS/ZnFe-LDH had the best lubrication performance, followed by FS,
and finally ZnFe-LDH. FS/ZnFe-LDH has the “sandwich layer” structure, and the
surface is grafted with long carbon chains that can improve oil solubility, so FS/ZnFe-
LDH had the best lubrication performance.

3. In the friction process, FS/ZnFe-LDH participated in the formation of friction lubrica-
tion film, which contains the four elements C, O, Zn, and Fe. The friction surface was
protected and repaired. Therefore, as a lubricant additive, FS/ZnFe-LDH effectively
improves the lubricating performance of 10# WO.
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