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Abstract  An effective oil separating technique from water-oil mixture can be used in vari-
ous industrial fields such as environmental purification and resource recycling. In this study, a
vitreous carbon (VC) grid structure was fabricated by carbonization of digital light processing
(DLP) 3D (3-dimensional) printed parts, and its oil separation performance was evaluated. A 
planner DVC grid structure with pore sizes of ~200, ~430 and ~520 μm was fabricated and its
water-oil separation performance werewas evaluated. Despite theoretical calculations suggest-
ing adequate water repelling pressures for pores around ~300 and ~360 μm, actual perform-
ance fell short due to defects from 3D printing and carbonization processes. A more robust
design approach involves fabricating a cuboid shell-shaped VC grid structure with smaller
pores (~150 μm), demonstrating continuous water-oil separation capabilities. 

 
1. Introduction   

Sea oil spill accidents do very harmful long-term damage to marine ecosystems [1]. In addi-
tion, large amounts of oil-mixed wastewater are generated in various industries such as mining, 
textiles, food, petrochemicals, and metal/steel industries, and cause environmental destruction 
[2]. An effective water-oil separation technology is important both for preventing ecological dev-
astation and industrial purification. Among the various water-oil separation techniques, selec-
tive filtration or absorption using a porous structure is simple and cost-effective. In the selective 
filtration or absorption method, the surface wettability of porous structure is the key parameter 
for separation [3]. Since the hydrophobic porous structure can selectively block water and 
penetrate oil, various hydrophobic materials were applied to water-oil separation application.  

A porous polypropylene (PP) material is commonly used as an oil absorber [4]. PP is a hy-
drophobic material, and a porous fiber structure can be obtained by melt blow method. The 
porous PP fiber sponge can absorb oil corresponding to 10 to 20 times the mass. Polydi-
methylsiloxane (PDMS), widely used for micro/nano replication process due to its hydrophobic 
surface and easy curing process, has also been applied to fabricate porous sponge structure 
by using sugar template [5] for oil absorption. Carbon materials including carbon nanotube [6] 
and reduced graphene oxide [7], also have hydrophobic property and have been used to real-
ize porous sponge structure for oil absorption. A porous vitreous carbon (VC) structure fabri-
cated by carbonization of thermoset polymer and sugar template mixture has also been pro-
posed as a simple and low-cost approach for oil-water separation [8].  

The water-oil separation performance was determined by the surface energy of the material 
and the geometrical properties of porous structure. However, most previous studies on the 
hydrophobic porous structure obtained the porous structure using a random fashion fabrication 
method and could not precisely control the geometrical properties of porous structure. 

The 3-dimensional (3D) printing technique can be used to fabricate controllable micro-sized 
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porous structures with artificial outer design. Shin et al. fabri-
cated a cuboid shell shaped PDMS grid structure using a wa-
ter-soluble 3D printed template and can increase oil absorbing 
capacity dramatically [9]. Niblett et al. fabricated a porous VC 
grid structure by carbonization of 3D printed UV-cured polymer 
grid structure for gas diffusion layer of a hydrogen fuel cell [10]. 
Since the direct carbonization of 3D printed parts is a simpler 
method to fabricate pore size controllable porous hydrophobic 
structure, in this study, we fabricated a VC grid structure by 
carbonization of digital light processing (DLP) 3D printed part 
for water-oil separation application. 

The effects of pore size on the water-oil separation were ex-
perimentally evaluated and the theoretical model compared. In 
addition, a cuboid shell shape VC grid structure was fabricated 
and applied to continuous oil-water separation to confirm the 
insight of VC grid structure design and process development 
using the 3D printing technique. 

 
2. Effects of pore size of VC grid structure 

on the water-oil separation 
2.1 Experimental method and results 

To realize a VC grid structure, the initial polymer grid struc-
ture was fabricated by a DLP 3D printer (Anycubic Photon M3 
Max, Shenzhen Anycubic Technology Co., Ltd), and the fabri-
cated 3D printed grid structure was carbonized at a maximum 
temperature of 1000 °C in a vacuum furnace [11-15]. Fig. 1(a) 
shows the 3D model of planner-type 4-layer grid structures with 
the definition of geometrical features, p and d. Fig. 1(b) shows 
the fabricated 3D printed 2-layer planner grid structure with an 
outer size of 60.5×60.5 mm2, a pore size (d) of 1000 μm, and a 
pitch (p) of 1500 μm. The width of grid frame (p-d) was se-
lected to 500 μm considering the stiffness of grid frame after 
carbonization. Fig. 1(c) shows the VC grid structure obtained 
by carbonization of the sample in Fig. 1(b). The outer size, pore 

size and pitch of VC grid structure were ~ 30×30 mm2, ~430 
μm, and a pitch (p) of ~660 μm. It clearly shows that the rela-
tively large shrinkage (~56 %) occurred during the carboniza-
tion process due to thermal decomposition.  

To examine the effects of pore size of VC grid structure on 
the water-oil separation, we fabricated a planner VC grid struc-
ture with different pore sizes. Table 1 shows the summary of 
initial pore sizes, pitches, and shrinkage ratios of 3D printed 
polymer grid and carbonized VC gird structures. The same as 
the shrinkage ratio of the outer size the shrinkage ratio of pore 
size and pitch were also ~60 % because the shrinkage ratio 
was mainly affected by the thermal decomposition of the poly-
mer material and the width of frame was the same in all sam-
ples. 

To assess the water-oil separation efficiency based on the 
pore size of the VC grid structure, a straightforward experiment 
was devised and executed (Fig. 2(a)). A transparent acrylic 
cuboid vessel (80×40×40 mm³) with 20×20 mm² openings on 
both sides was utilized, with the fabricated planner VC grid 

 
Table 1. Summary of pore sizes, pitches, and shrinkage ratios of 3D printed 
polymer grid and carbonized VC grid structures. 
 

Sample 3D printed grid 
(μm) 

VC grid 
(μm) 

Shrinkage ratio 
(%) 

Pore size 500 ~200 ~60 Design#1
(500) Pitch 1000 ~400 ~60 

Pore size 1000 ~430 ~57 Design#2
(1000) Pitch 1500 ~660 ~56 

Pore size 1250 ~520 ~58 Design#3
(1250) Pitch 1750 ~740 ~58 

 

 
Fig. 2. Experimental setup for assessing the water-oil separation perform-
ance of planner VC grid structures with varying pore sizes: (a) schematic of 
the experiment; (b) image of the transparent acrylic cuboid vessel with 20×
20 mm² openings blocked by planner VC grid structures; (c) depiction of 
the vessel immersed in the water-oil mixture; images showing the liquid 
collected by the vessel with VC grid structures of different pore sizes: (d) 
~200 μm; (e) ~430 μm; (f) ~520 μm. 

 

 
Fig. 1. (a) 3D model of planner type 4 layer grid structures; (b) 3D printed 
polymer grid structure with 4 layer; (c) carbonized VC grid structure with a 
pore size of 430 μm and a pitch of 660 μm. 
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structures affixed to block these openings (Fig. 2(b)). Subse-
quently, the vessel containing the VC grid structures was sub-
merged into a beaker containing a mixture of water and cook-
ing oil (20 mm water layer and 10 mm oil layer) (Fig. 2(c)). 
Following a 30-second immersion, the collected liquid was 
promptly transferred into 50 ml conical tubes. The liquid col-
lected by the vessel with VC grid structures of varying pore 
sizes is depicted in Figs. 2(d)-(f). With increasing pore size, a 
greater volume of liquid was amassed due to the consistent 
frame width of the VC grid structure. The percentage of cook-
ing oil in the total collected liquid was measured at 99 %, 
45.5 %, and 35.3 % for pore sizes of approximately 200 μm, 
430 μm, and 520 μm, respectively. This indicates the suitability 
of a pore size around 200 μm for water-oil separation applica-
tions. 

 
2.2 Theoretical analysis 

The phenomenon in which water does not selectively per-
meate through a porous hydrophobic surface occurs because 
the repel pressure due to the surface tension of water, ex-
plained by the Young−Laplace equation, is greater than the 
pressure of water existing outside. The repel pressure due to 
the surface tension of water according to pore size (d) is calcu-
lated as Eq. (1) [16]. 

 
4γ  

d
wo wo

rep

cosP θ= −   (1) 

 
where Prep is the water repel pressure at the porous hydropho-
bic structure, γwo is the interfacial tension of an water-oil inter-
face (30.26 mN/m) [17], θwo (148.3°) is the contact angle of 
water at oil environment on the smooth VC surface as shown in 
Fig. 3. In the experiment in Sec. 2.1, the maximum pressure of 
water applied to the opening of the vessel is calculated as Eq. 
(2). 

 
ρ ρmax o o w wP gh gh= +   (2) 

 
where Pmax is the maximum water pressure, ρo is the density of 
oil (895 kg/m3), ρw is the density of water (997 kg/m3), ho is the 
initial height of oil layer (10 mm) and hw is the initial height of 
water layer at the bottom of opening of the vessel (10 mm), 

and g is the gravity acceleration (9.81 m/s2). The calculated 
Pmax is 185.6 N/m2.  

To calculate the water repel pressure of the fabricated VC 
grid structure with different pore sizes, the pore sizes of VC 
grid structures were measured as shown in Fig. 4. The meas-
ured pore sizes are ~200, ~430 and ~520 μm as. The water 
repel pressure of each different pore size VC grid structure can 
be calculated by Eq. (1) and the calculated water repel pres-
sures were 514.91, 239.49, and 198.04 N/m2 for the VC grid 
structures with pore sizes of ~200, ~430 and ~520 μm, respec-
tively. Although the calculated water repel pressures are higher 
than the maximum water pressure (185.6 N/m2) for all fabri-
cated VC grid structures, the VC grid structures with pore sizes 
of ~430 and ~520 μm did not block the penetration of water in 
the experiments. It might be due to the imperfection of DLP 3D 
printed parts and warpage and breakage of the grid frame 
structure during the carbonization process. Therefore, a more 
robust design of pore size is required for the VC grid structure 
fabricated by carbonization of 3D printed part for water-oil 
separation application. 

 
3. Demonstration of continuous water-oil 

separation using cuboid shell shape VC 
grid structure and oil suction system  

To demonstrate a continuous water-oil separation using a 
VC grid structure, a cuboid shell shape VC grid structure with a 
perforated top was fabricated as shown in Fig. 5. The initial 

 

 
Fig. 4. Pore size of 3D printed structure: (a) design#1; (b) design#2; (c) 
design#3; pore size of VC grid structure: (d) design#1; (e) design#2; (f) 
design#3. 

 

 
Fig. 5. Fabrication of cuboid shell shape VC grid structure VC grid structure 
for continuous water-oil separation. 

 

 
 
Fig. 3. Contact angle of water at oil environment on the smooth VC surface.
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outer size of the cuboid shell shape 3D printed grid structure 
was 64.8×60×62.4 mm3 and the outer size of the VC grid struc-
ture was ~ 24×21×22 mm3. Based on the robust design con-
cept, the initial pore size of 3D printed grid structure of 400 μm 
was selected. The initial frame width of 3D printed grid struc-
ture of 200 μm was selected to increase the pore ratio of the 
grid structure. The pore size and pitch of the carbonized VC 
grid structure were ~150 μm and ~210 μm, respectively. The 
calculated shrinkage ratio was ~63 %, and it is slightly higher 
than the planner VC grid structure (~60 %) explained in Sec. 
2.1. The shrinkage ratio in the carbonization process of the 
smaller feature is higher than the larger feature because the 
shrinkage ratio of polymer material during the carbonization is 
anisotropic and the shrinkage ratio is gradually decreased from 
the surface to inside [18, 19].  

The continuous water-oil separation experimental setup was 
designed and constructed by connecting a cuboid shell shape 
carbon grid structure to an impinger and a rotary pump using a 
rubber tube as shown in Fig. 6. An oil spill situation was as-

sumed by filling a beaker with a solution mixed with 230 ml of 
water and 230 ml of cooking oil. A rotary pump was used to 
create a pressure state lower than atmospheric pressure inside 
the impinger, and the oil collected into the cuboid shell shape 
VC grid structure was charged inside the impinger using the 
pressure difference. Fig. 7 shows the time series pictures of a 
continuous water-oil separation experiment. It was confirmed 
that the cuboid shell shape VC grid structure with a pore size of 
~150 μm inside the beaker containing the water-oil mixture 
selectively penetrates only cooking oil from the mixture. After 8 
minutes of starting oil separation, the oil capacity inside the 
impinger did not increase, and it can be confirmed that most of 
the oil in the water-oil mixture was separated. The water-oil 
separation efficiency of the cuboid shell shape VC grid struc-
ture manufactured with an oil ratio inside the impinger of over 
99 % was verified. Under experimental conditions, the oil sepa-
ration speed was measured to be ~30 ml/min. 

 
4. Conclusions 

As a potential application of the 3D printing technique, a VC 
grid structure for water-oil separation was investigated. Plan-
ner VC grid structures with different pore sizes were fabricated 
and their water-oil separation performances were evaluated. 
Although the theoretical water repel pressures for the pore 
sizes of ~430 and ~500 μm were higher than the outer water 
pressure in the experiment, the VC grid structure with the pore 
sizes of ~430 and ~500 μm did not show perfect water-oil 
separation performance, due to the defects occurring in both 
3D printing and carbonization process. As a robust design 
concept, a cuboid shell shape VC grid structure with a pore 
size of ~150 μm was fabricated and its continuous water-oil 
separation performance was demonstrated. Although the cu-
boid shape VC grid structure can perfectly separate oil from 
the water-oil mixture, the speed of ~ 30 ml/min is relatively 
slow for commercial applications. Therefore, an optimization of 
the DLP 3D printing process and carbonization process to 
minimize the defects of grid structure with micro-sized pores, 
and the optimization of pore size to perfectly separate water-
oil mixture and maximize separation speed are needed. In 
addition, a zig-zag shell shape VC grid structure also can be 
realized by 3D printing and carbonization methods and it can 
improve the separation speed due to the increase of contact 
areas of the water-oil mixture. The optimizations of process, 
pore size and outer shape of VC grid structure to meet the 
commercial use requirements are the subject of our ongoing 
research.  
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Fig. 6. Schematics of continuous water-oil separation test system. 

 

 
Fig. 7. Time series pictures of a continuous water-oil separation experi-
ment. 
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Nomenclature------------------------------------------------------------------ 

p : Pitch  
d : Pore size  
Prep : Water repel pressure  
γwo : Interfacial tension of an water-oil interface  
θwo : Contact angle of water at oil environment  
Pmax : Maximum water pressure 
ρo : Density of oil  
ρw : Density of water  
ho : Initial height of oil layer  
hw : Initial height of water at the bottom of opening  
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