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Abstract: The processes and mechanism of removing oil and water from aluminum chips were clarified through 
thermogravimetric analysis (TGA), scanning electron microscopy (SEM), response surface method (RSM) and 
molecular dynamics (MD). The results indicate that the cutting fluid loses mass obviously at 200−300 °C and is 
carbonized above 400 °C. A layered arrangement of water−surfactant−oil is formed. There are strong hydrogen bonds, 
strong and weak van der Waals (vdW) forces between O—H in surfactant and O atom in water at 1.63, 3.27 and 5.05 Å, 
respectively. With the increase of temperature, the weak interaction vdW force is vanished, and the hydrogen bond is 
reduced. The strong vdW force and hydrogen bonds are broken and the layered arrangement of water−surfactant−oil 
interface is unstable and destroyed above 277 °C. The removal rate of water and oil is up to 99.7% when the chips are 
heated at 370 °C for 70 min with 3 cm loading thickness. 
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1 Introduction 
 

Aluminum alloys are the second widely used 
alloys in the world. There are 3−5 wt.% of the  
casting chips generated during the machining 
process [1]. These chips are important secondary 
resources. They can be recycled by hot extrusion in 
solid state [2−6] or remelted [7] with addition of 
elements, scraps and/or primary alloy [8]. But the 
chips contain water and oil due to the use of cutting 
fluid in the machining process [9]. The water and 
oil seriously affect the properties of the recycled 

products, resulting in a reduction in the grade of 
recycled aluminum as casting products [10]. 
Removing water and oil is a key pretreatment of the 
recycling of aluminum chips. 

Current methods of removing water and oil are 
centrifugation, washing, extraction, ultrasonication, 
baking, distillation and so on. Chemical reagents 
are used to demulsify and separate oil and water in 
the washing method. Organic solvents are used to 
separate different oils in the extraction method [11]. 
The fine micro bubbles [12] created by ultrasonic 
waves are used to remove oil and water on the  
solid surface in the ultrasonication. Water and oil are 
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evaporated in the baking method. The above 
methods are usually used in combination in practical 
applications. For example, KHAMIS et al [13] and 
PANDEY et al [14] used acetone solution to   
clean aluminum chips in ultrasonic bath. HYODO 
et al [15] washed 7050 chips with alkaline cleaner 
and carefully dried with propane flame. KORE   
et al [16] crushed 6082 aluminum chips and sieved 
them into particles smaller than 5 mm. The particles 
were washed with soap and acetone in ultrasonic 
bath. However, methods used in the above studies 
are complicated and time‐consuming. In addition, 
the detergent and oil will produce new wastes, such 
as wastewater [17]. The baking method has high 
efficiency and low cost. But the health of machine 
operators can be impaired when they breathe in or 
swallow oil mist [18], even in the stage of low 
temperature baking. 

Distillation has high efficiency and no 
secondary pollution compared with methods above. 
However, the parameters for aluminum machining 
chips are still unclear. Molecular dynamics (MD) 
provides a detailed insight into the oil−water 
interface from a microscopic scale. MD was 
developed by ALDER and WAINWRIGHT [19] in 
1957 based on the phase transition for a hard sphere 
system. The energy and dynamics information are 
calculated in MD by solving the molecular motion 
equations [20,21]. Thus, the molecular motions of 
the oil−water interface can be simulated. The 
properties and removal mechanism of oil−water 
mixed system can be clarified from the molecular 
sight. ZHANG et al [22] used MD to study the 
distribution and diffusion behavior of microscopic 
particles at different oil−water interfaces. The 
effects of different particles and concentrations   
on the molecular diffusion behavior and oil−water 
interface morphology were obtained. GOODARZI 
et al [23,24] combined molecular dynamics and 
dissipative particle dynamics to simulate different 
types of oil−surfactant−water interface behaviors. It 
was found that the surface tension was the largest 
when the water−oil volume ratio was 1:1. The 
above studies have explored the characteristics   
of oil−water interface. However, the molecular 
motion of the oil−water mixed system at different 
temperatures is still unclear. The properties and 
morphological changes of the oil−surfactant−water 
system during the distillation process have not been 
explored. 

In summary, there is currently no research on 
the removal of oil and water from aluminum chips 
through distillation. And the interface behavior and 
removal mechanism of oil and water molecules 
during the distillation process have not been yet 
clear. In this study, the process of removing oil and 
water through distillation was optimized, and the 
mechanism of removing oil and water from 
aluminum chips was elucidated. The optimal 
process achieved a 99.7% oil−water removal rate, 
which laid a foundation of pretreatment and 
upgrading regeneration of aluminum machining 
chips in industry. In this work, the properties of 
water and oil on chips were detected by thermo- 
gravimetric analysis (TGA) and energy dispersive 
spectroscopy (EDS). The parameters of distillation 
were optimized by response surface method (RSM). 
The system of oil−water was established with 
triethanolamine oleic acid soap, octane, and water 
molecules. And the mixture system was simulated 
by MD from room temperature to 377 °C to 
understand the molecular motion during distillation. 
Results show that the removal rate of water and oil 
is up to 99.7% when heating at 370 °C for 70 min 
with 3 cm loading thickness. And the mechanism of 
water and oil removal is a process of interface 
instability and separation. 
 
2 Experimental 
 
2.1 Materials and methods 

The raw materials were 7050 aluminum alloy 
machining chips provided by Boeing, China. The 
morphology of chips is shown in Figs. 1(a, b). The 
chips are curly and have a pungent smell. Liquid 
can be observed at the contact position between the 
chips and bag. The pretreatment process of chips is 
shown in Fig. 1(c). Firstly, most of the free cutting 
fluid on the surface is removed by centrifugation. 
The oil and water content of the aluminum chips 
after centrifugation is 2.6 wt.%, and then the 
residual oil and water are removed and collected by 
distillation. The clean chips can be recycled as 
secondary aluminum alloy. The collected oil and 
water can be reused as cutting fluid in the 
machining process. 

The removal rate of oil and water was detected 
in this work along with the effects of distillation 
time, temperature, and aluminum chip loading 
thickness. And the parameters of distillation were 
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Fig. 1 Morphology (a, b) and process flow (c) of recycling 
7050 aluminum chips: (a) In bag; (b) Close‐up;       
(c) Process flow 
 
optimized by RSM. RSM is extensively used in the 
experimental optimization of resources regeneration, 
medical research, biological materials, chemical 
industry, metallurgical engineering, environmental 
science, and other disciplines [25−29]. It can reflect 
the cross‐effects of various influencing factors in    
the system [30], avoid the isolation of manual 
experimental data, significantly reduce the 
experimental costs and improve efficiency. Design− 
Expert (Version 11.1.2.0) and Box−Behnken− 
Design (BBD) were applied in this work. The 
heating time, temperature and loading thickness of 
the aluminum chips were selected as three 
independent factors. The removal rate of oil and 
water was selected as the response value. Then,  
17 sets of response experiments were designed 
according to BBD, and the optimal parameters were 
obtained by analyzing the fitting equation and the 
response surface. 
 
2.2 Characterization 

A vacuum tube furnace (GSL−1700X, KeJing, 
China) with continuous argon flow was used to 
measure the content of water and oil on the chips. 
The temperature was set to be 500 °C at 5 °C/min 
for fully remove the oil and water on the chips. The 

content of oil and water is calculated by Eq. (1):  
1 2

2
100%

m m
α

m
−

= ×                          (1) 

 
where α (%) is the oil and water content of aluminum 
chips; m1 (g) and m2 (g) are the mass of aluminum 
chips before and after roasting. 

A box type resistance furnace (S90, KDF, 
Japan) was used to remove the oil and water   
from chips and detect the removal rate. The chips 
were weighed after each treatment to obtain the 
mass reduction Δm, and the removal rate can be 
calculated by Eq. (2):  

0
100%mr

m α
∆

= ×                             (2) 
 
where r (%) is the removal rate of oil and water, Δm 
(g) is the mass reduction of aluminum chips after 
distillation treatment, and m0 (g) is the original 
mass of aluminum chips before distillation 
treatment. 

The Soxhlet extraction method was used to 
extract the cutting oil on the surface of aluminum 
chips for 5 h in a 70 °C water bath. The Soxhlet 
extractor was manufactured by Beijing Chemical 
Glass Instrument Station, China. And the extractant 
was petroleum ether with a low‐boiling point of 
30−60 °C, purchased from Sinopharm Chemical 
Reagent Co., Ltd. After the extraction, the cutting 
oil was analyzed by the thermogravimetric 
instrument (TG209F3, Netzsch, Germany) in the 
Thermogravimetric Analysis Laboratory of the 
Beijing University of Science and Technology 
Analysis and Testing Center, China. Scanning 
electron microscope (SEM, MERLIN VP Compact, 
Carl Zeiss, Jena, Germany) and energy spectrum 
analysis (EDS) were used to analyze the deposits on 
the surface of aluminum chips. 
 
2.3 Simulation methods 
2.3.1 Molecular model and optimization 

Materials Studio 2019 software was applied 
for MD simulations with Visualizer, Forcite and 
Amorphous Cell modules. COMPASS II was used 
as force field in this calculation. COMPASS was 
developed by SUN [31], which can well handle the 
solution system containing organic and inorganic 
molecules. The atom-based method was used to 
calculate electrostatic force and van der Waals force 
(vdW). The cutoff distance was set to be 15.5 Å. 
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Smart method was used as the algorithm. 
Triethanolamine oleic acid soap molecule, 
C24H47NO4, was selected as the surfactant molecule, 
which was a kind of non‐ionic surfactant commonly 
used as the emulsifier of metal cutting fluids. 
Octane, C8H18, was used as oil molecule coherent 
with predecessors [23,32], which was mainly used 
as industrial organic solvents. Materials Visualizer 
module was used to draw 3D models of 
triethanolamine oleic acid soap, octane, and water 
molecules. Then, the geometry optimization task in 
the Forcite module was used to optimize the 
molecular models to minimize the energy. After that, 
the intermolecular binding energy can be calculated 
by Eq. (3) [33]:  
|Einter|=|Etotal−(E1+E2)|                      (3)  
where Einter represents the binding energy between 
molecules, Etotal represents the total energy of the 
two molecules, and E1 and E2 represent the energy 
when the molecules exist independently. The energy 
when the three molecules exist independently was 
obtained through the optimized molecular model. 
The geometry optimization task of the Forcite 
module was performed to calculate Etotal. 
2.3.2 Molecular dynamics simulation 

Amorphous cell module was used to construct 
the oil−surfactant−water system for simulating the 
behavior of the real mixed solution system of 
cutting fluid. The optimized triethanolamine oleic 
acid soap molecules, octane molecules and water 
molecules were imported into a cell with a cubic 
boundary condition. And the molecular ratio of 
triethanolamine oleic acid soap to oil and to water 
was 20:111:1000, so that the volume ratio of oil and 
water was 1:1. The initial and target density of the 
system was set to 0.6 and 0.8 g/cm3, respectively. 
Then, the geometry optimization and the anneal 
tasks in the Forcite module were used to optimize 
the constructed system. The number of anneal 
cycles was set to be 5, the initial temperature   
was set to be 27 °C (300 K), the intermediate cycle 
temperature was set to be 327 °C (600 K), and the 
temperature gradient was 50 °C. In actual situation, 
the oil and water molecules were distilled in an 
open container at a certain temperature without the 
change of the molecular number and pressure. 
Therefore, in this simulation, the NPT ensemble 
was selected with the Nose temperature control 
method and Berendsen pressure control method. 
After annealing, the dynamics task in the Forcite 

module was used for molecular dynamics 
simulation. The time step was 1 fs with a total of 
5×105 steps. The image was output every 1000 
steps. The temperature was set to be 27, 77, 127, 
177, 227, 277, 327 and 377 °C respectively to 
understand the mechanism of oil and water removal 
in distillation process. 
 
3 Results and discussion 
 
3.1 Properties of cutting oil 

TG−DTG curves of extracted cutting oil are 
shown Fig. 2, where T is the temperature (°C), w is 
the mass fraction (%), and dw/dT is the mass loss 
rate (%/°C). Figure 2 indicates that the mass loss of 
cutting oil is obvious between 200 and 300 °C. And 
the mass loss rate reaches a peak at 250 °C. In 
consideration of efficiency, it is determined that the 
temperature of removal oil and water should be not 
lower than 300 °C. 
 

 
Fig. 2 TG−DTG curves of cutting oil on surface of 
aluminum machining chips 
 

However, there are lots of brown deposits on 
the surface of aluminum chips and at the bottom of 
the crucible when the temperature exceeds 400 °C, 
as shown in Figs. 3(a, b). Moreover, the color of 
these deposits becomes darker with the increase of 
temperature or time. The surface morphology and 
composition analysis results of these deposits are 
shown in Figs. 3(c, d). Figure 3(d) indicates that the 
element with the highest mass fraction in the 
deposits is carbon, followed by boron. The sources 
of borides are the salts added to the cutting oil, such 
as boron amine and sodium tetraborate. Those salts 
have high boiling points and cannot escape with the 
oil and water vapor so that they have no effect on 
removal rate. During the melting process of 7050 
alloy, it is necessary to add Al−Ti−B to refine the 
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Fig. 3 Morphologies of aluminum chips at 450 °C: (a) Chips; (b) Crucible; (c) SEM image of chips; (d) EDS data 
 
grains [34,35]. Therefore, boron can play a role in 
refining grains in 7050 alloys. The carbon comes 
from the incompletely burned alkanes of the cutting 
oil. Therefore, it can be inferred that the cutting oil 
will be carbonized and deposited on the surface of 
chips when the distillation temperature exceeds 
400 °C. These carbides reduce Δm value in Eq. (2), 
resulting in a reduction of removal rate, and the 
chips are polluted by the carbides. Therefore, the 
temperature of distillation for aluminum chips 
should be controlled between 300 and 400 °C. 
 
3.2 Optimization by response surface method 

Aluminum machining chips are put into the 
vortex well of the double-chamber furnace as light 
and thin materials in recycled aluminum factories. 
The feeding speed of chips should be able to  
realize the submerged melting in the vortex well. 
Considering the efficiency of factory and the 
adaptability of continuous production equipment, 
1−5 cm loading thickness and 20−80 min heating 
time were adopted as the variable range. According 
to the above test results, temperature (A), time (B), 
loading thickness (C) and coded level are shown in 
Table 1. The design of BBD and results are shown 
in Table 2, where η represents the response value 

(removal rate). In order to reduce the unknown 
effects, the experimental design includes 12 sets of 
variable experiments and 5 repeated axial points. 
And the order of experiments is randomized. 
 
Table 1 Independent factors of BBD 

Factor 
Independent 

variable 
Coded level 

−1 0 1 

A Temperature/°C 300 350 400 

B Time/min 20 50 80 

C Thickness/cm 1 3 5 
 

Then, the coded equation is fitted by quadratic 
model, as shown in Eq. (4), where A, B and C are 
the coded factors in Table 1. It can be seen from 
Eq. (4) that the coefficient of the linear factors A 
and B and the interaction of BC are positive. The 
coefficients of the linear factor C and the interaction 
of AB and AC are negative. It is included that the 
interaction of temperature and time, and the 
interaction of time and loading thickness can 
increase the removal rate. The loading thickness 
and the interaction of time and temperature have a 
negative impact on the removal rate. The fitted 
equation is consistent with the real situation. 
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Table 2 Experiments and results of BBD 
Std. 

order 
Run 
order 

Factor 1, 
A/°C 

Factor 2, 
B/min 

Factor 3, 
C/cm 

Response, 
η/% 

4 1 400 80 3 92.5 

15 2 350 50 3 98.4 

10 3 350 80 1 88.1 

5 4 300 50 1 79.5 

14 5 350 50 3 100.0 

8 6 400 50 5 98.6 

7 7 300 50 5 79.9 

3 8 300 80 3 85.8 

6 9 400 50 1 100.0 

11 10 350 20 5 76.0 

9 11 350 20 1 89.8 

2 12 400 20 3 85.8 

13 13 350 50 3 100.0 

12 14 350 80 5 97.5 

1 15 300 20 3 62.9 

17 16 350 50 3 99.5 

16 17 350 50 3 97.0 

 
η1=98.98+8.60A+6.18B−0.675C−4.05AB−0.45AC+ 

5.80BC−7.79A2−9.44B2−1.69C2                  (4)  
Analysis of variance (ANOVA) was performed 

to judge the accuracy of the model. The results of 

ANOVA for this BBD design are shown in Table 3. 
The F-value of the model is 44.24, indicating that 
the model is significant. The P-value of the model 
is less than 0.0001. If the P-value is less than 
0.0500, the model is meaningful and accurate. The 
lack of fit is not significant, meaning that the model 
is accurate with real data. F‐value of the lack of fit 
is 5.04 and P‐value is 0.0761, which imply that 
there is a 7.61% chance for a lack of fit F‐value to 
occur due to noise. That may be due to the error of 
repeated central test, e.g., the Std. 16th result of 
350 °C, 50 min and 3 cm test is 97%, which 
deviates from the results of other groups at the same 
parameters. The fitting coefficient (R2) of this 
model is 0.9827, indicating that the accuracy of the 
quadratic model is credible in statistical analysis. 
With the same operation process, the model can 
meet 98.27% of the experimental data. The 
predicted R2 of 0.7758 and the adjusted R2 of 
0.9605 are reasonable with a difference less than 
0.2. The signal‐to‐noise ratio of this model is 
22.2837, which is significantly greater than 4, 
meaning that the data are accurate in fitting. The 
coefficient of variation (C.V.) in this model is 
2.36%, significantly lower than 15%, indicating that 
the operation of the experimental process is credible 
and the response value (removal rate) is stable. By 
further analyzing the P-values in the quadratic 
equation from the ANOVA results, it is found that 
items A, B, BC, A2 and B2 have significant effects  

 
Table 3 ANOVA results of fitted model in BBD 

Source Sum of squares Mean square F‐value P‐value Significance 

Model 1796.19 199.58 44.24 < 0.0001 Significant 

A 591.68 591.68 131.16 < 0.0001  

B 305.05 305.05 67.62 < 0.0001  

C 3.64 3.64 0.8080 0.3986  

AB 65.61 65.61 14.54 0.0066  

AC 0.8100 0.8100 0.1796 0.6845  

BC 134.56 134.56 29.83 0.0009  

A2 255.51 255.51 56.64 0.0001  

B2 375.22 375.22 83.18 < 0.0001  

C2 12.03 12.03 2.67 0.1465  

Residual 31.58 4.51    

Lack of fit 24.97 8.32 5.04 0.0761 Not significant 

Pure error 6.61 1.65    
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on the removal rate. In summary, the equation is 
accurate in fitting. The model and the fitted equation 
can be used to analyze and optimize the influence 
of three independent factors on the removal rate. 

Design Expert was used to perform three‐
dimensional surface analysis, and the results are 
shown in Fig. 4. With the help of three‐dimensional 
 

 
Fig. 4 Three‐dimensional response surface results:     
(a) Influence of time and temperature on removal rate 
(C=3 cm); (b) Influence of temperature and loading 
thickness on removal rate (B=50 min); (c) Influence of 
time and loading thickness on removal rate (A=350 °C) 

surface model analysis, the impact of interactions 
between the three factors on the removal rate can be 
more intuitively and clearly expressed. 

The effect of time and temperature on the 
removal rate is shown in Fig. 4(a). The surface is 
steep with a large curvature, indicating that the 
temperature and time have a significant influence 
on the removal rate. With the increase of 
temperature and time, the removal rate gets higher; 
while the increasing speed becomes slower and 
stops at a specific point. Then, the removal rate 
shows a downward trend. It means that the cutting 
oil is carbonized and deposited on the surface of 
aluminum chips at a high temperature and/or a long 
heating time, which is consistent with the results 
discussed above. Figure 4(b) presents the influence 
of temperature and loading thickness on the 
removal rate. It can be clearly seen that the curved 
surface is inclined, meaning that the influence of 
temperature is greater than loading thickness. And 
the curved surface is flat with a small curvature, 
indicating that the interaction of loading thickness 
and temperature is weak. As the loading thickness 
of the aluminum chips increases, the removal rate 
shows a whole downward trend. The diffusion 
resistance of oil and water vapor becomes greater 
with the increase of thickness, which affects the 
removal rate in dynamics. On the other hand, with 
increasing temperature, the removal rate rises and 
then shows a downward trend. This trend is 
consistent with the previous analysis result that the 
increase of temperature will cause carbonization 
and deposition of alkanes, thus decreasing the 
removal rate. Figure 4(c) shows the influence of 
time and loading thickness. The curved surface is 
curly with a diagonal protrusion. It is inferred that 
the interaction between loading thickness and time 
is complicated. In a short heating time, the increase 
in the thickness of the aluminum chip will lead to 
the decrease of the removal rate. But when the 
heating time is longer, the increase in the loading 
thickness will slightly decrease the removal rate. 
Based on the previous analysis, long heating time 
can lead to the deposition and carbonization of the 
oil. With the increase of loading thickness, it is 
more difficult for oil and water to escape, resulting 
in more carbides on the surface of aluminum chips, 
thus causing the decrease of removal rate. 

The optimized parameters of oil and water 
removal were determined by RSM combined with 
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the actual experimental conditions of 370 °C, 
70 min, and 3 cm loading thickness. Three sets of 
verification experiments were carried out in parallel 
under optimized conditions. The average removal 
rate is 99.7%. The surfaces of aluminum chips and 
crucibles are clean with no pollution, as shown in 
Supplementary Materials (SM) in Fig. S1. 
 
3.3 Simulation results and removal mechanism 

The binding energy between/among water,  
oil and surfactant molecules was calculated by 
molecular mechanics. The optimized molecular 
models are shown in Fig. S2(a) in SM. The relative 
molecular energy of triethanolamine oleic acid  
soap and octane molecules are −7.63×104 and 
−8.33×104 J/mol based on water molecule when 
they exist independently. The combination of 
molecules results in a decrease in energy. And the 
binding energy can represent the stability of the 
combination. The binding energies of different 
molecular interactions are shown in Table 4, where 
S represents triethanolamine oleic acid soap 
molecule, O represents the octane molecule, W 
represents the water molecule, and Einter represents 
the binding energy between the molecules. Einter is 
calculated according to Eq. (3), expressed as 
absolute values. It can be seen from Table 4 that the 
binding energies of S−O and S−W are far greater 
than that of W−O, respectively 3.30×104, 3.95×104 
and 4.02×103 J/mol. The binding energy proves  
that the surfactant molecule has hydrophilicity  
and lipophilicity. The binding energy of octane 
molecules and water molecules is less than 
4.18×103 J/mol. The water and oil molecules are not 
easy to combine so that there will be a stratification 
when water and oil coexist. The binding energy of 
triethanolamine oleic acid soap, octane and water 
molecules mixed model is 6.59×104 J/mol. It 
indicates that surfactants can reduce the total energy 
between oil and water, and stabilize the oil−water 
interface. 
 
Table 4 Binding energy between/among oil, water, and 
surfactant molecules 

System |Einter|/(J·mol−1) 

S−O 3.30×104 

S−W 3.95×104 

W−O 4.02×103 

S−O−W 6.59×104 

The molecular dynamics simulation of the 
oil−water−surfactant mixed system was carried out 
according to the methods in Section 2.3. The results 
of MD provide a microscopic perspective to 
understand the mechanism of oil and water removal. 
The state of initial model is shown in Fig. S2(b) in 
SM, and the models after molecular dynamics 
simulation at different temperatures are shown in 
Figs. S2(c–j) in SM. A cubic (60 Å × 60 Å × 60 Å) 
was put in the interface of oil and water to clearly 
show the relative motions of oil, surfactant, and 
water, as shown in Figs. S2(b−j). The relative 
contents along the interface direction at 27, 77, 127, 
177, 227 and 277 °C are shown in Fig. 5, where  
W represents water molecules, O represents oil 
molecules, SH represents the head (hydrophilic 
group) of surfactant molecules, and ST represents 
the carbon tail (lipophilic group) of surfactant 
molecules. 

It can be seen from Figs. S2(c−f) and Fig. 5 
that below 177 °C, water and oil molecules gather 
together respectively, forming a layered structure. 
As the temperature increases, some water molecules 
first evaporate and escape from the box, and then 
the layered structure of oil and water molecules   
is destroyed. At temperatures above 227 °C, the 
layered structure is significantly damaged, and a 
large number of water and oil molecules are 
dispersed. All types of molecules no longer 
aggregate but escape from the box, volatilizing into 
gas. A detailed insight into the oil−water interface is 
shown in Fig. 5. When the oil−water interface is 
stable, as shown in Figs. 5(a–d), the main peaks of 
ST relative content are located at the oil layer while 
the main peaks of SH are located at the water layer. 
The relative content further proves that the 
surfactant has hydrophilicity and lipophilicity: the 
carbon chains of triethanolamine oleic acid soap 
molecules insert into the octane layer while the 
hydroxyl groups of triethanolamine oleic acid soap 
contact with the water layer. So, surfactants can 
reduce the total energy between oil and water, 
stabilize the oil−water interface, which is in line 
with the discussion on Table 4. But the molecules 
are randomly distributed above 227 °C. The oil− 
water layer is obviously destroyed with the increase 
of temperature. The radial distribution function 
(RDF, g(r)) was analyzed at room temperature    
to further investigate the damage of oil−water 
stratification. The RDF describes the probability 
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Fig. 5 Relative contents of water (W), oil (O), hydrophilic group (SH) and lipophilic group (ST) of surfactant: (a) 27 °C; 
(b) 77 °C; (c) 127 °C; (d) 177 °C; (e) 227 °C; (f) 277 °C 
 
density (gA−B(r)) for finding A and B particles at a 
distance of r when averaged over the sampling 
trajectory, as shown in Eq. (5) [36]:  

gA−B(r) B B
24 π d

n N
Vr r

   
=   
      

              

(5) 

 
where nB is the number of B particles located at a 
distance r from particle A in a shell of thickness dr, 

NB is the number of B particles in the system, and V 
is the total volume of the system. The RDFs of H 
atoms in surfactant (represented by HS) and O 
atoms in water (represented by OW) and the O and 
H atoms in water (represented by OW and HW) are 
shown in Fig. 6. There are peaks at 0.97, 1.77 and 
3.25 Å in the g(r) of H and O atom in water. 
The first peak is the bond length of H—O in water  
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Fig. 6 Radial distribution function results g(r) of H 
atoms in surfactant (HS) and O and H atoms in water (OW 
and HW) 
 
molecules. 3.25 Å is the length of O—H without 
hydrogen bond of water, and 1.77 Å is the bond 
length of O—H with hydrogen bond of water, 
which is consistent with the value of 1.78 Å in the 
simulation of LI et al [37]. There are peaks at 1.63, 
3.27 and 5.05 Å in the g(r) of HS and OW atoms.  

The first peak means that strong hydrogen bonding 
exists between HS and OW atoms. And the followed 
peaks show that there are strong and weak vdW 
between HS and OW atoms [38]. 

The mean squared displacement (MSD) and 
self‐diffusion coefficient (D) were calculated to 
investigate the motion of molecules and the results 
are shown in Fig. 7. In MD, the proportionality 
constant that is related the MSD to the observation 
time is called the self‐diffusivity, as shown in  
Eq. (6) [39].  

2( ( ) ( 0 ))1 lim
2

i
i t

x t x
D

d t→∞

< − >
=

             
(6) 

 
where Di is the self‐diffusion coefficient of species i, 
t is the time, x is the position, and d is the 
dimensionality of the system (for three-dimension 
simulation, d=3). The numerator of Eq. (6) is MSD. 
The angled brackets indicate that an ensemble 
average has been taken. The MSDs are all 
proportional to time and consistent with the 
Einstein equation [37]. Result shows that the MSD 
and D of water are far greater than those of octane 

 

 
Fig. 7 Mean squared displacement (MSD) of water (a), octane (b) and triethanolamine oleic acid soap (c) and self‐
diffusion coefficient (d) 
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and triethanolamine oleic acid soap. There is a 
sudden change of MSDs and diffusion coefficient at 
227−277 °C. It can be inferred that the system   
has been transformed into gas at 227−277 °C so  
that the diffusion distance and diffusion ability are 
increased significantly. The results of MSD and D 
are consistent with the results of TGA and Fig. 5. 

The analysis of density and energy versus 
temperature was carried out to systematically 
understand molecular behavior. The results are 
shown in Fig. 8. The density decreases with the 
increase of temperature as shown in Fig. 8(a). At 
177 °C, the density of the whole system is lower 
than the octane density of 0.703 g/cm3, indicating 
that some molecules have evaporated into gas at 
this time. At 227−277 °C, the density of the system 
decreases rapidly, indicating that most of the 
molecules have changed into gas, which is 
consistent with the TGA results. In Fig. 8(b), the 
kinetic energy increases linearly with the increase 
of temperature. The potential energy and total 
energy increase with the increase of temperature. 
But vdW energy decreases when the temperature 
increases. And there is a sharp increase of the 
potential energy and total energy but a large 
decrease of vdW energy at 227−277 °C. The   
vdW force is a “soft” Lennard−Jones 9‐6 (L−J)  
potential [40] for intermolecular interaction in MD. 
The increase of molecular kinetic energy results in a 
larger molecular distance, so that L−J potential is 
weak and vdW energy gradually decreases. So, we 
can deduce that the weak interaction force is broken 
firstly with the increase of temperature, e.g., the 
vdW between HS and OW at 5.05 Å. While with 
higher temperature, strong interaction force begins 
to disintegrate, such as the strong hydrogen bonding 
between HS and OW at 1.63 Å, and the molecular 
distance further increases. Hydrogen bond is treated 
as part of the vdW force in the COMPASS    
force field [40]. Therefore, with the increase of 
temperature, the hydrogen bonds between/among 
HS and OW and water molecules are cut off, 
resulting in the sudden decrease of vdW energy at 
227−277 °C. The sudden decrease of vdW energy is 
consistent with the previous discussion of RDF. We 
can conclude that the increase of temperature 
results in the decrease of vdW force and the 
increase of kinetic energy and molecular distance. 
Thus, the water−oil interface becomes unstable. 
Above 277 °C, hydrogen bonds and vdW force are 

mostly broken. The triethanolamine oleic acid soap, 
octane and water molecules are vaporized, which 
destroys the interface of oil and water and results in 
the separation of oil and water from the surface   
of aluminum machining chips. Therefore, the oil− 
water mixture can be completely removed from the 
solid surface by distillation. The mechanism of 
water and oil removal is a process of interface 
instability and separation. 
 

 
Fig. 8 Results of density (a) and energy (b) versus 
temperature of molecular dynamics simulation for 
distillation process 
 
4 Conclusions 
 

(1) The cutting fluid is vaporized at 200− 
300 °C and carbonized over 400 °C. The removal 
rate of water and oil is up to 99.7% with no 
pollution when the chips are heated at 370 °C for 
70 min at 3 cm loading thickness. 

(2) A layered arrangement of water−surfactant− 
oil is formed at room temperature. There are strong 
hydrogen bonds, strong and weak vdW forces 
between O—H in triethanolamine oleic acid soap 
(HS) and O atoms in water (OW) at 1.63, 3.27 and 
5.05 Å, respectively. 
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(3) The weak interaction vdW force is 
vanished and the strong hydrogen bonds are 
weakened with the increase of temperature. 
Hydrogen bonds and vdW force are broken above 
277 °C, resulting in the destruction of layer arranged 
water−surfactant−oil system. The mechanism of 
water and oil removal is a process of interface 
instability and separation. 

(4) The mechanism and processes of removing 
water and oil removal from aluminum chips were 
clarified through the combination of experiment 
and simulation. In the next step, the process of 
distillation can be optimized in industrial 
application for upgrading regeneration of aluminum 
machining chips. 
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摘  要：通过热重分析、扫描电子显微镜、响应曲面和分子动力学等方法，阐明铝屑脱油脱水的过程和机理。结

果表明，铝屑表面切削液在 200～300 ℃质量损失明显，超过 400 ℃时被碳化。水、表面活性剂和油分子在室温

下分层排列。表面活性剂中的 O—H 和水中的 O 原子之间分别在 1.63、3.27 和 5.05 Å 处存在强氢键、强范德华

力和弱范德华力。随着温度的升高，弱范德华力相互作用消失，氢键减弱。超过 277 ℃时强范德华力和氢键被破

坏，导致水−表面活性剂−油分层界面的失稳及破坏。在 370 ℃和 3 cm 装料厚度下加热 70 min 时，铝屑的油、水

脱除率达 99.7%。 

关键词：脱水；脱油；机加工屑；分子界面；再生铝合金；机理 
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