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ARTICLE INFO ABSTRACT

Editor: Dong-Yeun Koh Microbial-induced calcium carbonate precipitation (MICP) is an environmentally-friendly and easy operation
technique for separating oil-water mixtures. However, the effect of environmental factors on the wettability and
oil-water separation performance of MICP remains unclear. In this study, three primary factors including
mineralization solution (MS) concentration, bacterial suspension (BS) concentration, and temperature were
carefully investigated. Under these varying conditions, stainless steel meshes (SSM) were chosen as the substrates
for the growth of CaCOs precipitations. Experimental results demonstrate a strong dependence of the
morphology and wettability of CaCOg3 precipitations on these factors. Higher MS concentration and temperature
contribute to enhanced hydrophilicity of CaCOg3 coatings due to the increased surface roughness. The water flux
of MICP-coated SSMs decreases with the increase of BS concentration, MS concentration, and temperature. The
MICP-coated SSM obtained with MS concentration of 0.15 M, BS concentration of 0.1 x 10% cells/mL, and
mineralization reaction at 25 °C for 24 hours demonstrated the optimal comprehensive performance, exhibiting
underwater superoleophobicity with an underwater oil contact angle (UWOCA) exceeding 151°, an ultra-high oil
intrusion pressure (> 3.0 kPa), ultrahigh flux (28,644 L m2 h'l), and a preferable oil rejection rate (> 99.9%).
Additionally, the as-prepared mesh exhibited superior anti-oil-fouling property and reusability, while concur-
rently demonstrating excellent chemical and thermal stability. This work contributes to advancing our knowl-
edge of the influence of various environmental factors on the wetting characteristics of MICP and provides a
feasible solution for the highly efficient and low-cost preparation of oil-water separation membranes based on
the MICP process.
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1. Introduction cellulose membranes [11], textiles [12-14], papers [15], woods [16,17]

and so on [2,18]. Among them, metal meshes have been extensively

Frequent marine oil spill accidents and the discharge of industrial
oily wastewater pose tremendous hazards to marine ecosystems, as well
as to human production and livelihoods [1-3]. Although many methods,
including adsorption [4], oil skimming [5], centrifugation [6], and
flocculation [7], etc., have been developed for the treatment of oily
wastewater in response to the environmental challenges posed by oil
pollution, these methods still face limitations in terms of low separation
efficiency, high cost, large footprint, and the risk of secondary pollution.
Therefore, more efficient, environmentally-friendly, and convenient
methods are urgently desired. In recent years, there has been extensive
development of superwetting membrane materials for highly efficient
oil-water separation, utilizing substrates such as metal meshes [8-10],
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studied as substrates for superwetting membranes due to their high
separation flux, easy availability, excellent mechanical properties, and
easy surface modification [19,20]. Various superhydrophobic and
superoleophilic meshes, so-called "oil-removing" meshes, have attracted
considerable attention for oil-water separation due to their remarkable
corrosion resistance and self-cleaning properties [21,22]. These meshes
have the ability to allow oil to penetrate while blocking water, thus
achieving the oil-water separation. However, these oil-removing meshes
could be easily contaminated and clogged by adhered oil due to their
high oil affinity, leading to a decreased separation efficiency, flux, and
reusability [23]. Additionally, gravity-driven oil-removing meshes are
very difficult to efficiently separate oil-water mixtures, because most
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oils have a lower density than water, resulting in the water layer pre-
venting oil penetration.

Inspired by the underwater oil-repellence of fish scales, super-
hydrophilic and underwater superoleophobic meshes, namely "water-
removing" meshes, have been developed to address the above limita-
tions [24,25]. Due to the strong affinity towards water, a stable water
film is formed between the oil and the mesh, effectively preventing
direct contact between the oil and the mesh surface [26]. This type of
mesh can be achieved through hydrophilic composition modification
and the construction of micro/nanostructures [27,28]. For instance,
Chen et al. [29] fabricated an underwater superoleophobic mesh by
coating TiOy nanoparticles onto the stainless steel mesh via a
self-assembly method. The as-prepared TiO, coated mesh showed a very
high filtration flux of 54000 L m~2 h™! and a separation efficiency
exceeding 99%. Meanwhile, various kinds of materials such as NaA ze-
olites [30], MgAlZn layered double hydroxides [31], ZnO nanowires
[32], metal-organic frameworks (MOFs) [33], and polyvinyl alcohol
(PVA)-sodium silicate composites [34] have been successfully coated
onto the metal meshes endowing them a superhydrophilic and under-
water superoleophobic properties. However, most of these materials still
face many limitations such as poor structural stability, complex fabri-
cation process, special equipment, use of hazardous chemicals, and
weak environmental adaptability. It is still a big challenge to fabricate
novel  oil-water  separation metal meshes via facile,
environmental-friendly, and low-cost approaches.

Shell nacre, mainly composed of biominerals with hierarchical
micro/nanostructures, exhibit excellent superhydrophilicity and un-
derwater superoleophobicity [35,36]. As is known, the biominerals in
shell nacre are mainly composed of calcium carbonate (CaCOs3), which is
an intrinsic hydrophilic compound owing to the abundant hydrophilic
hydroxyl groups on its surface [37]. Therefore, a biomimetic minerali-
zation approach, inspired by the surface of nacre, has been extensively
utilized for the fabrication of superhydrophilic and underwater super-
oleophobic meshes. For example, Dai et al. [38] prepared a nacre-like
graphene oxide-CaCOs hybrid stainless steel mesh via a layer-by-layer
self-assembly method. The as-prepared mesh demonstrated super-
hydrophilicity and underwater superoleophobicity, and it showed
outstanding oil-water separation performance. Yu et al. [39] deposited
CaCOg particles onto the methacrylated chitosan hydrogel-coated mesh
via biomineralization and dip coating methods using poly(acrylic acid)
as an additive. The synthesized mesh exhibited excellent separation ef-
ficiency (> 99.99%) and mechanical stability. It is noteworthy that the
conventional biomimetic mineralization processes of CaCOj3 have
non-negligible drawbacks such as complicated preparation process,
macroscopic structural discontinuity, non-uniformity and additional
polymer additives. Importantly, the wettability of the micro/-
nano-CaCOs coating is largely affected by its macroscopic structural
continuity and uniformity, which in turn depends on whether there are
enough heterogeneous nucleation sites and strong adhesion force of
reactants in  mineralization process [40]. Actually, the
microbial-induced calcium carbonate precipitation (MICP) technique,
could easily realize the formation of a dense CaCOj3 layer with micro/-
nanostructures. This technique has been successfully applied for the
remediation of cultural heritages [41], sand solidification [42,43],
concrete reinforcement [44], anti-corrosion [45], and heavy metal
contaminants treatment [46]. Very recently, studies have demonstrated
that dense CaCOs particles can be spontaneously formed on the surface
of SSMs with the help of bacteria, and the resulting meshes have been
successfully applied to separate oil-water mixtures [47,48]. However,
previous studies have not thoroughly investigated the influence of
environmental factors, which directly affect the surface morphology,
structure, and wettability of minerals. Moreover, the time and material
costs of the previous works were relatively high, which was not
conductive to future large-scale production.

In this study, superhydrophilic MICP-coated SSMs for oil-water
separation were prepared under various environmental conditions
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with the assistance of a high urease-producing bacterial strain of
S. pasteurii. Material characterization techniques including SEM, EDS,
XRD, white light interferometer, and contact angle measuring instru-
ment were applied to investigate the morphology, surface roughness,
and wettability of the MICP coating under different environmental
factors, respectively. The MICP-coated SSM obtained under the optimal
conditions showed superhydrophilicity/underwater super-
oleophobicity, ultra-high oil intrusion pressure, and excellent oil-water
separation performance, while concurrently demonstrating superior
anti-oil-fouling property, ideal mechanical/chemical/thermal stability,
and outstanding recyclability.

2. Experimental materials and methods
2.1. Materials

Sporosarcina pasteurii (S. pasteurii, CGMCC 1.3687), a typical ure-
olytic bacterial strain, was obtained from China General Microbiological
Culture Collection Center. The 304 stainless steel mesh (500 mesh, pore
size of 25 um) was purchased from Changzhou Tezhende Metal Products
Co., Ltd (Changzhou, China). Calcium chloride dihydrate (CaCly-2 H30),
anhydrous ethanol, oil red O, methylene blue, hexane, petroleum ether,
and dichloromethane (DCM) were purchased from Shanghai Macklin
Biochemical Technology Co., Ltd (Shanghai, China). Urea (CO(NH3),,
99.5%), Tris (hydroxymethyl) aminomethane (Tris base, 99.9%), and
ammonium sulfate ((NH4)2SO4, 99%) were purchased from Aladdin
Biochemical Technology Co., Ltd (Shanghai, China). Yeast extract was
produced by Oxoid Ltd (Basingstoke, UK). Nutrient broth was purchased
from Guangdong Huankai Microbial Technology Co., Ltd (Guangzhou,
China). Diesel was bought from the local Sinopec gas station. Machine
oil and soybean oil were obtained from a local supermarket. Deionized
water (DI water) was obtained from the ultrapure water system (Milli Q,
France) and was used in all experiments. All chemicals were used as
received and without further purification.

2.2. Preparation of the bacterial suspension

Firstly, the freeze-dried S. pasteurii stock was activated following the
procedures outlined in the operating manual provided by CGMCC. After
activation, the bacteria were inoculated onto solid NH4-YE agar medium
consisting of 20 g/L yeast extract, 10 g/L (NH4)2SO4, 0.13 M Tris base,
and 20 g/L agar, and then incubated at 30 °C for 48 h. Subsequently,
several bacterial colonies from agar plates were picked and inoculated
into liquid NH4-YE medium (without agar). The inoculated medium was
then incubated at 30 °C with a shaking speed of 200 r/min in a shaking
incubator to obtain a bacterial suspension (BS) with an optical density at
600 nm (ODggo) of approximately 2.0. The NH4-YE medium was firstly
sterilized at 121 °C for 20 min using an autoclave before usage.

2.3. Preparation of the MICP-coated SSM

To prepare the mineralization solution (MS) for the formation of the
MICP coating, urea and nutrient broth were dissolved into DI water and
subsequently sterilized at 121 °C for 20 min using an autoclave.
Following that, CaCly-2 HyO was chosen as the calcium source and was
dissolved in the sterilized and cooled solution to obtain the minerali-
zation solution. In this study, the mineralization solution contained
equal molar concentrations of CaCly-2 H20 and urea, with the nutrient
broth concentration maintained at 3 g/L. Three concentrations of
CaCly-2 Hy0 were utilized: 0.05, 0.15, and 0.25 M. The initial pH values
of the three concentrations of mineralization solutions were 8.08, 8.33,
and 8.50, respectively. A piece of SSM with a size of 10 x 2 cm? was
ultrasonically cleaned using anhydrous ethanol for 15 min, then dried at
60 °C, and finally sterilized under ultraviolet light for 15 min on each
side of the mesh. After that, the sterilized mesh was immersed in the
mineralization solution. Subsequently, the bacterial suspension with an
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optical density at 600 nm (ODgqg) of approximately 2.0 were injected to
the mineralization solution and then incubated in an incubator at a
shaking speed of 150 r/min for 24 h. Three different final concentrations
of the bacterial suspension were employed: 0.05 x 108, 0.1 x 10%, and
0.2 x 108 cells/mL. In addition, the MICP process was investigated at
three different temperatures (15, 25, and 35 °C). The specific experi-
mental conditions are detailed in Table 1 and 2. After immersing the
meshes in the mineralization solution for 24 h, they were taken out and
subsequently rinsed with DI water and anhydrous ethanol to eliminate
any remaining organic matter and loose CaCOs particles. Finally, the
obtained MICP-coated SSMs were dried at 60 °C in a drying oven. In this
study, three parallel samples were prepared for each group.

2.4. Characterization

The surface morphologies of the MICP-coated SSMs were charac-
terized via a Nova NanoSem450 scanning electron microscope (SEM).
The elemental composition and the element distribution of the sample
surfaces were characterized using an energy-dispersive spectrometer
(EDS). The samples were sputter-coated with platinum before SEM
testing. The X-ray diffraction (XRD) pattern of the MICP coatings was
recorded on an X-ray diffractometer (Rigaku Smartlab, Japan) using a
Cu Ka radiation, with 26 in the range of 10-90° at a scan rate of 15°/min.
The surface roughness of the samples was analyzed using a white light
interferometer (Bruker Contour GT-1). The optical density at 600 nm
(ODggp) of the S. pasteurii in the NH4-YE medium was measured using an
ultraviolet spectrophotometer (UV-6100S, Metash, China). The pH
value of the mineralization solution was measured on a PB-10 pH meter
(Sartorius, Germany). The wettability and oil adhesion behaviors of the
meshes were tested at room temperature using a contact angle
measuring instrument (SDC-100SH, Sindin, China). For static water
contact angles (WCAs) in air, water droplets (5 pL) were directly drop-
ped on the mesh. For underwater oil contact angles, the meshes were
firstly fixed in a transparent quartz container filled with water, and then
10 pL oil droplets were carefully deposited on the mesh. The measure-
ment procedure for the underwater oil rolling angles (UWORAs) was
almost identical to that of the UWOCAs, with the exception that the
quartz container, along with the meshes, was positioned on a tiltable
platform. Angle measurements were taken at three distinct positions for
each sample in order to calculate an average value. The oil concentra-
tion in the filtrate was determined using a water detective 3-multi
parameter spectral water quality detector (WQMO01H-3, China).

2.5. Durability and stability tests

The chemical stability of the MICP-coated SSMs was assessed by
immersing them in aqueous media, including solutions with pH ranging
from 1-14 and a 3.5 wt% NaCl solution, for a duration of 2 h. The
thermal stability of the MICP-coated SSMs was evaluated by placing
them in a muffle furnace at temperatures of 100 °C, 200 °C, and 300 °C
for 2 h, respectively. The mechanical durability of the MICP-coated

Table 1
Experimental parameters with varying BS concentration and MS concentration.

No.  Temperature Bacterial suspension Mineralization solution

°C) concentration (x108 cells/ concentration (M)
mL)
Al 25 0.05 0.05
A2 25 0.1 0.05
A3 25 0.2 0.05
A4 25 0.05 0.15
A5 25 0.1 0.15
A6 25 0.2 0.15
A7 25 0.05 0.25
A8 25 0.1 0.25

A9 25 0.2 0.25
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Table 2
Experimental parameters with varying temperatures.

No.  Temperature Bacterial suspension Mineralization solution

(§®) concentration (><108 cells/ concentration (M)
mL)
Bl 15 0.1 0.15
B2 25 0.1 0.15
B3 35 0.1 0.15

SSMs was examined using a sand impact method. In brief, a total of
about 350 g of sand grains with diameters ranging from 0.5-1 mm were
poured uniformly from a height of 20 cm onto the surfaces of the MICP-
coated SSMs tilted at an angle of 30°. The sand impingement test was
repeated 15 times. The contact angle, morphology, water flux, and oil
rejection rate of the MICP-coated SSMs were investigated after the
aforementioned tests.

2.6. Measurement of water capture capability

To evaluate the water capture capability of the MICP-coated SSMs,
the meshes were immersed in DI water for 10 min. Subsequently, the
meshes were taken out from the water and weighed after no water
droplets fell. The water capture percentage (WCP) was calculated as
follows:

WCP = (u) x 100% D
wi

herein, w; and w, represent the weight of the meshes before and after the
water immersion tests, respectively.

2.7. Oil-water separation experiments

In this work, diesel, machine oil, soybean oil, hexane, petroleum
ether, and dichloromethane were employed to assess the immiscible oil-
water separation performance of the prepared MICP-coated SSM. One
piece of prewetted MICP-coated SSM was fixed between two vertical
quartz tubes using a clamp. The filtrate was collected in a beaker. The
inner diameter of the quartz tube was 14 mm. Subsequently, an oil-
water mixture with a volume ratio of 1:1 was poured into the upper
quartz tube, and water rapidly permeated the MICP-coated SSM under
gravity force. The separation process was repeated three times for each
experiment. The filtration flux (F, L m 2 h™1) was calculated using the
following equation:

\%

- 2
AAt 2
herein, V (L) is volume of the filtrated water, A (m?) is the effective
filtration area of the MICP-coated SSMs, and At (h) is the filtration time.
The oil rejection rate (7, %) was calculated using the following equation:

n= (1 7%> x 100% 3)

o

herein, Crand C, are the concentration of oil in the filtrated water and
the original mixtures, respectively. To investigate the stability of the
MICP-coated SSM during the separation process, the procedure was
repetitively performed for 40 consecutive cycles without any rinse
treatment. After each separation of a 40 mL mixture, the filtrate was
collected to evaluate the separation efficiency and water flux. The oil
intrusion pressure was determined by gradually adding hexane into the
upper quartz tube (length: 1 m) until the MICP-coated SSM could no
longer sustain the pressure. The maximum height of the hexane was then
recorded.
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3. Results and discussion
3.1. Fabrication and morphologies comparison of MICP-coated SSMs

The preparation procedure of MICP-coated SSMs is illustrated in
Fig. 1. The clean SSM was initially immersed in a mineralization solution
containing CaCly-2 Hy0, urea, and nutrient broth. Following that,
S. pasteurii bacteria were introduced to induce the formation of minerals
on the SSM surface with the help of its urea hydrolytic ability. The basic
mechanism of hydrolysis-driven MICP can be summarized by the
following two reaction equations [49,501:

urease

CO(NH,), + 2H,0 2NH; + CO3* 4

Ca®* + CO¥ — CaCO;5 | 5)

MICP is a biochemical reaction process initiated by bacteria and
culminating in an ionic reaction between calcium ions and carbonate.
Firstly, the bacterial urease present in S. pasteurii bacteria can hydrolyze
urea in the solution, producing ammonia and carbon dioxide, which will
further react with water to form ammonium and carbonate ions (Eq.
(4)). Subsequently, calcium ions in solution will be absorbed on the
surface of the bacteria due to the negative charge on its surface. Finally,
sufficient calcium ions will react with the carbonate and initiate calcium
carbonate precipitation on the SSM surface using bacteria as nucleation
sites (Eq. (5)). As shown in Fig. S1, it was evident that the originally
silver-gray surface of the SSM underwent a transformation to a darker
shade after mineral formation. Additionally, a significant amount of
grayish-white minerals were observed coating the inner surface of the
test tube. The EDS spectrum and elemental mapping images (Fig. S2a, b)
indicate that the mineral-coated mesh mainly contained C, O, and Ca
elements. The XRD pattern (Fig. S2c) further reveals that all sharp
diffraction peaks can be assigned to CaCO3 (JCPDS: 88-1807), except for
substrate peaks. These results firmly confirmed the successful deposition
of calcium carbonate precipitates on the SSM surface. It is noteworthy
that the MICP process occured naturally, taking place at mild temper-
atures and in the air atmosphere without human intervation. Addi-
tionally, the MICP process would occur mildly and safely in the presence
of the S. pasteurii. These advantages endow the MICP process with
characteristics of being cost-effective, simple, easy to operate, and
environmentally friendly.

The surface morphologies of the MICP-coated SSMs after incubation
in various environmental factors were characterized by SEM, as shown
in Fig. 2 and Fig. 3. Samples Al and A2, incubated in a mineralization
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solution with a low concentration of calcium source and bacteria,
exhibited relatively smooth surface characteristics upon observation.
The surfaces of samples Al and A2 showed no regular calcium carbonate
crystal structures, and the mesh aperture remained at approximately
25 um (Fig. 2a, b and S3a, b). At a BS concentration of 0.2 x 108 cells/
mL, numerous randomly distributed fine CaCOj crystals started to
appear on the surface of sample A3 (Fig. 2c and S3c). When the MS
concentration reached 0.15 M, a dense and continuous CaCOj3 layer was
observed on the SSM surface (Fig. 2d-f and S3d-f). This confirmed that
by optimizing the MS concentration, a dense mineral layer could be
formed on the mesh surface within 24 hours, which was a great
improvement over previous works [47,48]. Here, we conducted an
analysis of crystal size in the SEM images using ImageJ software. As
shown in Fig. S4, the crystal sizes on the surface of samples A4, A5, and
A6 were mainly in the ranges of 10-40 um, 5-30 ym, and 5-15 pm,
respectively. It should be noted that although the CaCOj3 crystal size
became smaller, the pore size of the meshes decreased with the increase
of BS concentration, and the aperture decreased from an average of
14.9 pym (sample A3) to an average of 3.4 um (sample A5). By increasing
the MS concentration to 0.25 M, additional tiny CaCO3 particles were
deposited onto the previously-generated crystals (Fig. 2g-i and S3g-i),
leading to the pores of the SSM being almost blocked.

Fig. 3 shows the effect of temperature on the morphology of CaCO3
crystals on the SSM surface. Elevated temperatures from 15 °C to 35 °C
facilitated the generation of a greater number of CaCOj3 precipitates,
consequently causing a gradual reduction in the pore size of the mesh
(Fig. 3a and b). Ultimately, the pores approached a state of near
blockage due to the increased formation of CaCO3 deposits (Fig. 3c). In
the MICP process, higher temperature could facilitate the hydrolysis of
urea, resulting in the production of more carbonate ions. Consequently,
the reaction reached oversaturation more quickly, thereby accelerating
crystal growth rate [51,52].

3.2. Surface wettability of MICP-coated SSMs

In order to evaluate the influence of environmental factors on the
wettability of MICP-coated SSMs, the dynamic water wetting process
and UWOCAs were measured. It is well known that the attainment of
superhydrophilicity and underwater superoleophobicity relies on two
fundamental principles: a surface chemical composition with high sur-
face energy and a rough surface structure [25]. The initial WCA of the
original SSM was 126.7° (Fig. S5a), attributed to the presence of highly
dense mesh that could potentially trap a small amount of air. However,

4 “Mineralized ot T
/ Stainless steel mesh Y SSM S Etasciett A tiey
Urea > 5 aves P a
P 4
S. pasteurii Ca?* attracted L~ )%‘ - %
)
i A"
y /e "l “\ to bactena/v > ‘{ CaCo,
D j * Oil-water
Paaascs ‘ Urease Ca? + CO,*—CaCO,} separation

CO(NH,), + H,0 ——— 2NH, + CO,
Urea hydrolysis ’,——’::,—"'

-
-

& \J) S. pasteurii

- 1
-
-

--"" CO,+H,0——HCO; +H"

Carbonate
precipitation

o o . ! CO;%
NH; + H,O——NH, + OH i
: H - - \\ .' ’ "’
\ (‘; pH increasing ",
24n N Ay { 7 yi
N HO 20H + HCO, + H* — CO,% + 2H,0 7 \
Mineralization S~ 3 3 2 - \ \

solution

Fig. 1. Schematic of the microbial-induced calcium carbonate precipitation process and the oil-water separation process.
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Fig. 2. SEM images of MICP-coated SSMs with different BS and MS concentrations at 25 °C.

Fig. 3. SEM images of MICP-coated SSMs at different temperatures with a BS concentration of 0.1 x 108 cells/mL and an MS concentration of 0.15 M: (a) 15 °C; (b)

25 °C; (c) 35 °C.

the water wetting property exhibited significant reinforcement upon the
formation of micro/nanostructured MICP coatings. As shown in Fig. 4a,
the WCAs of samples A1 and A2 decreased to 73.3° and 67.1° within one
minute, respectively, showing hydrophilicity. Upon increasing the BS
concentration to 0.2 x 108 cells/mL (sample A3), it was observed that a
5 pL water droplet could completely spread on the surface of the
MICP-coated SSM in air, reaching a WCA of 0° within 7.548 s. The
observed result confirmed the superhydrophilic ability of the
MICP-coated SSM (sample A3), attributed to the formation of a small

amount of CaCOj3 particles on the surface of the SSM (Fig. 2¢). During
this period, the average surface roughness (R,) of A3 exhibited a slight
increase, approximately 8% higher compared to A2, reaching 0.401 pm.
In addition, with a further increase in the MS concentration, the water
wettability was further enhanced. Upon water droplets dropping on the
surface of the MICP-coated SSMs, it rapidly spread on the meshes within
one second (Fig. 4a: samples A4-A9). It is worth noting that the MS
concentration has a greater effect on the water wettability of the
MICP-coated SSM compared to the BS concentration. As shown in
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Fig. 4. (a) Dynamic wetting process of water droplets on the surface of MICP-coated SSMs. UWOCASs of (b) samples A1-A9 and (c) samples B1-B3. Water flux of (d)

samples A1-A9 and (e) samples B1-B3.

Fig. 4a, there was a notable decrease in the time required for complete
surface wetting as the MS concentration increased. This phenomenon
could be primarily attributed to the presence of smaller and denser
CaCOg particles (Fig. 2d-i), as well as an increase in surface roughness.
As shown in Fig. S6, the R, of the samples increased obviously with
increasing MS concentration. When the MS concentration was 0.15 M,
the increase in BS concentration had little effect on the surface rough-
ness (sample A4-A6 was 0.509 pm, 0.548 um, and 0.575 um, respec-
tively). However, as the MS concentration reached 0.25 M and the BS
concentration was greater than or equal to 0.1 x 10® cells/mL (sample

AB), a significant increase in surface roughness was observed compared
to sample A7. Given that samples A8 and A9 exhibited the highest R,,
measuring 0.928 um and 0.923 pm, respectively, water droplets could
completely wet the mesh surface in the shortest time - approximately
110 ms for A8 and about 319 ms for A9 (Fig. 4a). This was primarily due
to the formation of numerous smaller calcium carbonate particles on the
surface of the original cubic calcium carbonate particles (Fig. 2h). As
shown in Fig. S3h, as the BS concentration continued to increase, more
calcium carbonate particles were formed and stacked on the surface of
the mineralized steel mesh, creating numerous protruding structures.
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Consequently, a thicker calcium carbonate layer was formed on the
mesh surface (Fig. S3i). Furthermore, the water wettability of the
MICP-coated SSM surface was positively correlated with temperature.
The time required for water droplets to completely wet the mesh surface
decreased significantly from 2.298 s at 15 °C to 219 ms at 35 °C, as
shown in Fig. 4a: B1-B3.

To explore the underwater oleophobic property, a 10 pL droplet of
DCM was utilized to measure the UWOCAs of various MICP-coated
SSMs. The UWOCAs of samples A1 and A2 (Fig. 4b) exhibited consis-
tency with the original SSM (Fig. S5b), as both being below 150°.
However, when the MS concentration exceeded 0.05 M, the UWOCAs of
samples A4 to A9 were all higher than 150° (Fig. 4b), showing under-
water superoleophobicity. Furthermore, the UWOCAs of samples B1, B2,
and B3 were also measured to be higher than 150° (Fig. 4c). Upon
immersing the MICP-coated SSMs of samples A3 to A9 and B1 to B3 in
water, water hydrates formed on the micro/nano-structures due to the
intrinsic hydrophilicity of CaCO3. The water hydration layer effectively
acted as a barrier, preventing direct contact between oil droplets and the
mesh surface. As a result, the MICP-coated SSMs exhibited a high
UWOCA. According to Jiang et al.’s model [24], the high UWOCA on the
solid surface can be analyzed by following equation:

75a€0801 — 7,,,C086,
Y ow

(6)

cost; =

where y,4 is the oil-air interface tension, 6; is the contact angle of oil in
air, yyyq is the water-air interface tension, 0 is the WCA in air, and y,, is
the oi-water interface tension. Generally, the values of y,, range from 20
to 30 mN m_l, while the value of yyyq is 73 mN m~ L. Due to the near-zero
value of 87 and the constant interfacial tension of various oils, a decrease
in @, leads to an increase in 3. In other words, a surface that is more
hydrophilic exhibits more oleophobic when submerged in water. After
the MICP process, a hydrophilic CaCOg layer formed, leading to a sig-
nificant decrease in 0, and a substantial increase in #3. The UWOCAs of
the MICPs)-coated SSM were also measured for various oils. As
demonstrated in Fig. S7, the UWOCAs of the MICP(45)-coated SSM to-
wards all tested oils exceed 150°, indicating excellent underwater
superoleophobicity. In contrast, pristine SSM showed weak oleopho-
bicity, with UWOCAs below 150° for various oils. The UWORA is also
another crucial parameter for evaluating underwater super-
oleophobicity. As shown in Fig. S8, the UWORAs of samples A3-A9 and
B1-B3 were all below 5°, indicating that DCM droplets could easily roll
off these surfaces. However, DCM droplets failed to roll off on the sur-
face of original SSM and samples A1, A2, and even when the tilted angle
exceed 10° (Fig. S5¢, d and S8).

The water fluxes of the MICP-coated SSMs were determined by both
their pore sizes and wettability, which were directly related to the
density and particle size of the CaCO3 particles. Notably, the pore sizes
played a predominant role because all the MICP-coated SSMs, except
samples Al and A2, exhibited superhydrophilicity. As shown in Fig. 4d,
since there were no CaCOs layers on the mesh surface, samples Al and
A2 exhibited the highest water fluxes among the tested samples
(304,880 L m 2 h! for A1, 359,993 L m~2 h™? for A2). When the MS
concentration reached 0.15 M or higher, a significant decrease in water
flux was observed. Specifically, the water fluxes for samples A4 to A9
decreased to 33,555, 26,080, 10,039, 3186, 1960, and 859 Lm > h ",
respectively. This confirmed that the pore size of the SSM decreased with
the increase of BS and MS concentration, as proved by the SEM results.
Furthermore, Fig. 4e confirmed that an increase in temperature indi-
rectly led to a decrease in the water flux of the MICP-coated SSMs, which
were 115,335, 26,080, and 5967 L. m~2 h~! for samples B1, B2, and B3,
respectively.

3.3. The oil intrusion pressure on MICP-coated SSMs

The porous mesh and membrane materials demonstrate diametri-
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cally opposite permeability characteristics towards water and oil,
forming the fundamental principle for oil-water separation. The intru-
sion pressure, which is closely associated with wettability and pore size,
plays a crucial role in gravity-driven oil-water separation processes [25,
53]. In theory, the intrusion pressure (Ap) is calculated by the following
equation [54,55]:

Ap— 2Y o - _c cosd,

R T4 )

where y,, is the oil-water interfacial tension, R is the radius of the
meniscus, C is the circumference of the pore, 6, is the advancing contact
angle, and A is the area of the pore. As shown in Fig. 5a and b, the
superhydrophilic MICP-coated SSM exhibited a very low 6,, approach-
ing 0°, which led to a negative Ap when in contact with water. This
indicated that the MICP-coated SSM was unable to withstand any
pressure exerted by water under the capillary effect and gravity,
allowing water to pass through the mesh smoothly. Consequently, as the
water completely wrapped the intrinsic hydrophilic micro/nano-
structured CaCOj3 coatings adhered to the mesh surface (Fig. 5c), a stable
water film was formed, significantly enhancing the oil repellency of the
mesh surface and leading to its superoleophobic behavior. When the oil
contacted the water film on the mesh, the Ap changed to positive as the
0, was much larger than 90° (Fig. 5d). Therefore, as long as the hy-
drostatic pressure of the oil does not exceed the maximum intrusion
pressure value, the oil cannot pass through the MICP-coated SSM.
However, once the static pressure (p) of the oil surpasses this critical
value of Ap, it can still penetrate through the mesh pores. Therefore, the
experimental static pressure (p) was also determined by measuring the
maximum height (hpq) of oil that the pre-wetted MICP-coated SSMs
could withstand. The value of p was calculated using following equation:

p =pgh (8)

where p is the density of the oil, g is the acceleration of gravity, and h is
the height of the oil. As shown in Fig. 5e and S9, samples A1 and A2 were
unable to support any oil pressure, and no hexane was observed in the
upper tube (Fig. S9). However, when the BS concentration reached
0.2 x 108 cells/mL (sample A3), the formation of a small amount of
CaCOs particles on the surface of the SSM enhanced the water wetta-
bility of the mesh to a certain extent. Consequently, sample A3 exhibited
a slight oil pressure tolerance, allowing for a maximum height of hexane
reaching 4 cm, indicating that the p reached the Ap. With the increase of
MS concentration to 0.15 M and above, the height of hexane surpassed
47 cm, accompanied by a p exceeding 3 kPa, which demonstrated the
excellent oil pressure tolerance of these pre-wetted MICP-coated SSMs
(samples A4-A9). Due to the much smaller pore sizes of samples A4-A9
compared to sample A3 (Fig. 2), the intrusion pressure would be
significantly larger for the former, according to Eq. (7). Similarly, an
elevation in temperature would correspondingly lead to an augmenta-
tion in the value of p. As displayed in Fig. 5f, the p of hexane on samples
B1, B2, and B3 calculated 1.72, 3.08, and 3.43 kPa, respectively.
Moreover, the static pressure tolerance of the prepared meshes was
found to be higher than the reported values, as shown in Table 3.

Supplementary material related to this article can be found online at
doi:10.1016/j.jece.2023.111805.

Supplementary material related to this article can be found online at
doi:10.1016/j.jece.2023.111805.

Supplementary material related to this article can be found online at
doi:10.1016/j.jece.2023.111805.

3.4. Oil-water separation performance

Based on the discussion of the section 3.2 and 3.3, sample A5, ob-
tained at a BS concentration of 0.1 x 10® cells/mL and an MS concen-
tration of 0.15 M, demonstrated higher water flux compared to sample
A8, while exhibiting better hydrostatic pressure performance than
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Fig. 5. (a-d) Schematic diagrams of the oil-water separation process. (e) Intrusion pressure of hexane on (e) samples A1-A9 and (f) samples B1-B3.

Table 3
Oil-water separation performance Comparison of MICP45)-coated SSM with the

previous metal mesh-based materials.

Materials Highest Highest Efficiency Refs.
intrusion flux (L m 2 (%)
pressure (kPa) h™1)

Multi-scale CuBTC- 2.2 533,880 >99 [26]
coated mesh

NaA zeolite/copper 1.14 10,114 98.6 [30]
mesh

GO-CaCO03-550 hybrid 1.37 179,640 > 99 [38]
mesh

ZnO/WOj3-H,0 coated 1.36 34,387 > 98 [56]
SSM

CuO@PAA composite - 6460 > 99.9 [57]
coated copper mesh

NiCo204 structure - 11,600 > 99.9 [58]
coated SSM

Bicomponent - 10,000 > 99 [59]
supramolecular
hydrogel paint coated
SSM

PMAA-grafted mesh 1.99 50,000 >99 [60]

Annealed SSM - 6098 99.5 [61]

MICP as5)-coated SSM 3.08 28,644 > 99.9 This

work

sample A2. Moreover, sample A5 exhibited higher water flux than A6,
with slightly superior hydrostatic pressure compared to A4. Addition-
ally, it was observed that the water flux of sample B2 (equivalent to A5)
exceeded that of sample B3, while its hydrostatic pressure was superior
to sample Bl. Consequently, sample A5 was identified as the best
candidate for high-performance oil-water separation and was used for
subsequent experiments. The prewetted MICPs)-coated SSM was
positioned between two vertical fixed quartz tubes using a clamp. As
shown in Fig. 6a and Movie S1, when the hexane-water mixture was
poured into the upper tube, it was clearly found that only water rapidly
penetrated through the MICP(as5)-coated SSM and was collected in the
beaker below, while the hexane was effectively blocked and retained
trapped in the upper tube. By contrast, the original SSM failed to sepa-
rate the hexane-water mixture, as shown in Fig. 6a and Movie S2. For
heavy oil (poi1 > pwater), Such as dichloromethane, we can tilt the sepa-
ration device at a certain angle and pour the mixture slowly to prevent
the heavy oil from blocking the penetration of water (Fig. S10).

Supplementary material related to this article can be found online at
doi:10.1016/j.jece.2023.111805.

Fig. 6b shows the separation flux and the oil rejection rate of the
MICP s5)-coated SSM for various oil-water mixtures. The separation flux
of the MICP(as)-coated SSM for petroleum ether-water mixture reached
up to 28,644 L m~2 h’l, whereas for the soybean oil-water mixture, it
was relatively low but still exceeded 10,942 L m~2h~!, which is supe-
rior to most similar mesh materials (see Table 3). The variation in
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as an example. (d) SEM images of the MICPas)-coated SSM after 40 cycles of use and the corresponding EDS spectrum and elemental mapping images.

separation flux for different oil-water mixtures directly correlated with
the density and viscosity of the tested oils [28]. High-viscosity oils
impeded the sediment of water and resulted in decreased water flux
during the separation process. This phenomenon could be further
demonstrated by the Stokes theorem, the formula is as follows:

& glp, —

P.)
18u,,

9

where v represents the velocity of oil droplets, d denotes the diameter of
oil droplets, g is the acceleration of gravity, p,, and p, are the density of
water and oil, respectively, and u,, is the viscosity of water [62]. Ac-
cording to Eq. (9), a greater density difference between water and oil
results in faster oil droplet rise in water, thereby increasing water flux
during the separation process. Hence, the order of water flux in the
separation process for various oil-water mixture systems was as follows:
petroleum ether-water/hexane-water > diesel-water > machine
oil-water > soybean oil-water. The densities of the oils are as follows:
petroleum ether (p: 0.66 g/mL), hexane (p: 0.659 g/mL), diesel (p:
0.83-0.85 g/mL), machine oil (p: 0.89 g/mL), and soybean oil (p:
0.917 g/mL). In this study, the speed at which the DCM-water mixture

was poured into the upper tube was artificially interfered, so it will not
be discussed here. As shown in Fig. 6b, the MICPs)-coated SSM
demonstrated excellent oil rejection performance, with an oil rejection
rate exceeding 99.99% for all types of oils. This remarkable performance
surpasses the values reported in the previous reports, as illustrated in
Table 3. Additionally, the reusability of the MICP-coated SSMs is a
crucial factor to consider for their practical application. Fig. 6¢ dem-
onstrates that the flux of the MICP(ss5)-coated SSM remained relatively
high (~ 27,533 L m~2 h~1) with minimal variation even after 40 cycles
of separation. The oil rejection rate of the MICP(s)-coated SSM
remained above 99.99% throughout the 40 cycles of separation.
Meanwhile, all CaCO3 cubic structures were still covered on the SSM
surface and the EDS spectrum (Fig. 6d) indicated that the weight per-
centages of C, O, and Ca elements remained almost the same as those
before 40 cycles of separation (Fig. S2b). These results demonstrate the
outstanding reusability of the MICPas)-coated SSM.

In addition, the separation performance of oil-in-water emulsion was
also evaluated, as shown in Fig. S11. We regretfully found that neither
MICPa5)-coated SSM nor extending its mineralization time to 48 h
(Fig. S11a) or increasing the concentration of the mineralization solu-
tion (MICP(ag)-coated SSM, Fig. S11b) could effectively separate the
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emulsion. As is known, filtration systems with pore sizes smaller than
that of the emulsified oil droplets are commonly explored for emulsion
separation applications. The pore sizes of the MICP-coated SSM were
relatively larger than the size of oil droplets typically in the range of
several hundred nanometers, making it unsuitable for separating the oil-
in-water emulsions. Theoretically, increasing the thickness of the CaCO3
coating by prolonging the mineralization time or increasing the con-
centration of the mineralization solution may lead to a decrease in the
pore size of the SSM. However, both approaches led to partial detach-
ment of the calcium carbonate layer from the steel mesh surface
(Fig. S11 c and d), which contradicted the intended goal of reducing the
pore size of the mesh. This part of the work requires further research in
the future.

3.5. Anti-oil-fouling performance

The anti-oil-fouling performance is critical for efficient separation of
oil-water mixtures. Fig. 7a showed the contacting and detaching pro-
cesses of underwater DCM droplets onto the MICPss)-coated SSM sur-
face. After immersing the MICP(a5)-coated SSM in water, a droplet of
DCM was pressed onto the surface of the mesh until deformation
occurred, and then it was dragged a certain distance before being lifted.
During the retracting process, the DCM droplet easily detached from the
mesh surface, and minimal deformation of the oil droplet was observed.
This behavior highlighted the low adhesion and exceptional oil repel-
lency properties of the mesh. On the contrary, a large deformation
occurred during the retracting process, and the oil droplet tightly
adhered to the surface of pristine SSM (Fig. S12). The excellent anti-oil-
fouling property of the MICP(as)-coated SSM was further validated

(a) Press
Dragglng

Water

o

MICP -coated SSM

Journal of Environmental Chemical Engineering 12 (2024) 111805

through various oil-repellence tests, depicted in Fig. 7b-d. Fig. 7b (black
dashed outline, Movie S3) showed that the DCM droplet rapidly rolled
off the tilted MICP(5)-coated SSM underwater. Moreover, when the
MICPs5)-coated SSM was submerged in water, the expelled hexane flow
rebounded from the surface without leaving any residual traces, as
demonstrated in Fig. 7c (highlighted by the black dashed outline) and
Movie S4. Furthermore, we investigated the anti-oil-fouling perfor-
mance of the mesh under intrusion pressure. This was carried out by
fixing the MICP(45)-coated SSM in the separation device, followed by
pouring a certain amount of n-hexane (dyed red with oil red O) into the
tube and let it sit for a period of time. Then we took out the mesh and
found that no residue of red hexane was observed on the mesh surface.
After the experiment, the mesh maintained its original dark gray color,
as shown in Fig. S13. This demonstrated that even when subjected to a
certain level of oil intrusion pressure, the MICP(ss)-coated SSM main-
tained excellent oil repellency. As shown in Fig. 7d and demonstrated in
Movie S5, the pre-wetted MICPs5)-coated SSM, previously adhered with
hexane in air, exhibited a self-cleaning effect when immersed in water.
These findings confirmed the outstanding anti-oil-fouling capability
exhibited by the MICPas)-coated SSM. In contrast, regardless of whether
the oils were dropped onto the surface underwater or cleaned by
immersing the mesh in water, they exhibited strong adhesion to pristine
SSM (Fig. 7b-d, and Movies S6-58). The presence of a strongly water film
on the MICPss)-coated SSM surface, which effectively prevented oil
adhesion, was believed to be the primary factor contributing to its
excellent oil repellence [63-65]. As shown in Fig. 7e, due to the rela-
tively smooth surface of the original SSM, a stable hydration layer
cannot be effectively formed. As a result, oil droplets may directly
contact the surface of the mesh, leading to their adhesion. In contrast,

Retract Detached

Dragglng

MICP As)-coated SSM

Water (f)

SSM SSM

Water

Self-cleaning

Minerals

SSM SSM

Fig. 7. (a) Underwater oil repelling behavior of the MICP45)-coated SSM. (b, c¢) Anti-oil-fouling and (d) self-cleaning properties of the MICPss)-coated SSM (black
dashed outline) and the SSM (red solid outline). Schematic diagrams of the (e, f) anti-oil-fouling and the (g) self-cleaning mechanism. For better observation, oil was

dyed red using oil red O.
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the presence of numerous micro/nanoscale grooves, formed by the
stacking of cubic superhydrophilic CaCOs particles, enabled the trap-
ping of water molecules within the micro/nanostructures (Fig. 7f). This
resulted in the formation of a stable water film that exhibited a strong
repulsive effect on oils to prevent the oil from contacting the actual mesh
surface. After the oil-contaminated pre-wetted mesh was immersed in
water, the water film was reinforced, effectively washing away the oil
from the surface, as shown in Fig. 7g. To demonstrate the effect of the
water film on the anti-oil-fouling performance of the MICP-coated SSMs,
water capture experiments were performed. As shown in Fig. S14, the
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water capture percentage of samples A4 to A9, which exhibited dense
and continuous CaCOs layers, exceeded 32%, while the SSM, samples
Al, A2, and A3 had lower percentages (18.2%, 18.6%, 19.2%, and
25.2% respectively). Accordingly, the presence of the intrinsic hydro-
philic CaCOs layer facilitated the formation of a stable water film on the
surface of the MICP-coated SSMs.

3.6. Durability and stability of the MICP45)-coated SSM

The chemical, mechanical, and thermal stabilities of the mesh are
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Fig. 8. The chemical and mechanical stability of MICP(4s)-coated SSM: (a) SEM images and photos of the MICP(ss)-coated SSM after a 2-hour immersion in solutions
of various pH values and a 3.5 wt% NaCl concentration. (b) The corresponding WCA and UWOCA (the type of oil was petroleum ether). (c) Water flux and oil
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after sand impingement tests as a function of test times. Insets in (d) show the testing process.
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crucial for its practical application in oil/water separation. Therefore,
the stability of the MICPs)y-coated SSM was first evaluated under
various harsh chemical environments, including exposure to salt (3.5 wt
% NacCl), acid (HCI), and alkali (NaOH) solutions. The morphology of
MICP 45)-coated SSM after a 2-hour immersion test was investigated. As
shown in Fig. 8a, at pH=1, almost no cubic CaCO3 particles were
observed on the surface of the mesh. At pH values of 2-3, the initially
smooth surface of CaCOs (highlighted by the black circle) particles
became rough (red circle), forming numerous burr structures, with
partially exposed SSM visible. Additionally, it was observed that lots of
bubbles formed on the mesh surface at pH=1 (insets in Fig. 8a). This was
a result of the vigorous reaction between CaCO3 and HCI. As the pH
value increased to 2, the number of bubbles significantly decreased.
Further raising the pH value to 3 resulted in almost no observable
bubbles, indicating a significant reduction in the intensity of the reac-
tion. In contrast, the cubic CaCO3 microstructures were well maintained
in pH solutions ranging from 4 to 14 and a 3.5 wt% NaCl solution, with
no exposed SSM observed. The WCAs in air and UWOCAs are illustrated
in Fig. 8b (the oil used here was petroleum ether), indicating that the
MICPas5)-coated SSM maintained superhydrophilicity and underwater
superoleophobicity at pH >3 and in a 3.5wt% NaCl solution.
Furthermore, the MICP(ss5)-coated SSM showed high water flux (up to
43937 L. m 2 h’l) and ultra-high oil rejection rate (> 98.7%) for pe-
troleum ether-water mixtures after immersion in solutions with pH
values higher than 2 and a 3.5 wt% NaCl solution (Fig. 8c), suggesting
excellent chemical stability. However, after immersion in a solution
with a pH of 1, the MICPss)-coated SSM lost its ability to effectively
separate oil and water.

The mechanical durability of the MICPs5)-coated SSM was investi-
gated by the sand impingement test. The MICP(ss5)-coated SSM was
initially fixed to an inclined surface with an inclination angle of 30°.
Approximately 350 g of sand grains with diameters ranging from
0.5-1 mm were then uniformly poured from a height of 20 cm,
impacting the surface of the mesh (insets in Fig. 8d). This test was
repeated 15 times. As shown in Fig. 8d, after about 9 rounds of sand
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impingement tests, the MICPss5)-coated SSM still maintained super-
hydrophilicity and underwater superoleophobicity with a WCA of 0° and
a UWOCA greater than 150°. However, after approximately 12 rounds of
testing, the hydrophilicity of the MICPss5)-coated SSM surface signifi-
cantly decreased, with the WCA increasing to 42° and the UWOCA
decreasing to 145°. Fig. 8e shows that the water fluxes and oil rejection
rates of the mesh gradually decreased with increasing testing times. It
was observed that the CaCO3 microstructure on the mesh was severely
damaged and detached from the SSM surface (Fig. S15) due to repeated
sand impact. However, the mesh pores were partially blocked by the
detached tiny CaCOj3 and sand particles, resulting in a decrease in water
flux. Although the mesh lost its underwater superoleophobicity due to
surface structure damage, many CaCOgs particles remained attached
around the mesh pores. Hence, it still retained excellent oil-water sep-
aration performance, with an oil rejection rate exceeding 99.5%.

In addition, the thermal stability of the mesh was evaluated at
100 °C, 200 °C, and 300 °C, respectively. Fig. 9a-c showed that the
surface cubic CaCOs particles of the MICP(a5)-coated SSM remained
intact even at temperatures up to 300 °C. The wettability, water fluxes
and oil rejection rates of the MICPss)y-coated SSM at different calcina-
tion temperature were measured, as illustrated in Fig. 9d and e. All
meshes exhibited superhydrophilicity and underwater super-
oleophobicity with WCAs of 0° and UWOCAs greater than 150°.
Furthermore, all the mesh demonstrated high water flux (>
26464 L. m 2 h™') and ultrahigh oil rejection rate (> 99.9%), under-
scoring its remarkable thermal stability.

4. Conclusions

In summary, the influences of environmental factors, including MS
concentration, BS concentration, and temperature, on the wettability
and oil-water separation performance of the MICP-coated SSM were
thoroughly investigated. With an elevation in temperature or MS con-
centration, the surface roughness of the CaCOs3 coating also experienced
a noticeable increase, leading to an enhanced hydrophilicity and oil
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Fig. 9. Thermal stability of the MICPss)-coated SSM: SEM images of the MICPss)-coated SSM after calcination at (a) 100 °C, (b) 200 °C, and (c) 300 °C for 2 h,
respectively. The corresponding (d) WCAs, UWOCAs, as well as (e) water fluxes and oil rejection rates.
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intrusion pressure of the mesh. In contrast, with an increase in BS con-
centration, MS concentration, and temperature, the pore size of the
mesh decreased, resulting in a significant reduction in water flux. The
optimal MICP-coated SSM for oil-water separation was prepared after
the MICP process for 24 h at an MS concentration of 0.15 M, BS con-
centration of 0.1 x 108 cells/mL, and 25 °C. The obtained MICP-coated
SSM with an ultra-high oil intrusion pressure exceeding 3.0 kPa can
separate oil-water mixtures with ultrahigh flux (10,942 - 28,644 L m ™2
h™1), high oil rejection rate (> 99.9%), outstanding reusability (40 cy-
cles) and excellent anti-oil-fouling ability. In addition, the mesh also
exhibited ideal chemical stability, thermal stability, and mechanical
durability.
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