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ABSTRACT: Highly efficient elimination of petroleum pollution is
of great importance for addressing environmental issues and social
sustainability. In this study, we demonstrate a novel strategy for
efficient elimination of petroleum pollution by selective adsorption of
it by an ultralight hydrophobic/lipophilic microorganism-loaded
biomass porous foam (BTS-MSFT4@MTMS) followed by a green
degradation of adsorbates under mild conditions. The porous
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structure of biomass porous foam (MSFT) could provide plenty of
room for immobilization of Bacillus thuringiensis (BTS), while a
simple surface modification of the MSFT load with a BTS strain
(BTS-MSFT4) by methyltrimethoxysilane (MTMS) could change its
wettability from hydrophilic to lipophilic, which makes selective
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adsorption of hydophobic petroleum pollution from water for

biodegradation possible. As expected, using a petroleum n-hexadecane solution with a concentration of 3% as a model oily
wastewater, the as-prepared BTS-MSFT4@MTMS possesses both a superior selective adsorption of ca. 99% and high degradation
activity with a high degradation rate of up to 86.65% within 8 days under the conditions of 37 °C, 120 r min™', and pH = 7, while the
degradation rates for the BTS-MSFT4 and the free BTS strain were measured to be only 81.62 and 65.65%, respectively, under the
same conditions. In addition, the results obtained from the study on environment tolerance show that the BTS-MSFT4@MTMS
exhibits a strong tolerance under different conditions with various pHs, temperatures, and initial concentrations. Compared with the
existing methods for removal of petroleum pollution by direct adsorption of petroleum pollution via superoleophilic porous materials
or applying free microorganisms for biodegradation only, which suffers the drawbacks of low selectivity or poor efficiency, our
method has great advantages of cost-effectiveness, scalable fabrication, and high efficiency without secondary pollution. Moreover,
such a two-in-one strategy by integration of both selective adsorption and biodegradation into biodegradable BTS-MSFT4@MTMS
may particularly have great potential for practical application in environmental remediation.

KEYWORDS: Bacillus thuringiensis, microbial remediation, hyperwetting, methyltrimethoxysilane, preferential adsorption

1. INTRODUCTION

With the rapid development of modern industry, agriculture,
and urbanization, the increasingly serious environmental
pollution has caused a serious impact on the sustainable
development of the human society. Petroleum is one of the
most important sources of fuel and the energy resource basis of
modern petrochemical industry worldwide.' > However, the
exploitation, transportation, storage, and use of petroleum
would inevitably generate a large amount of petroleum
hydrocarbon pollutants in soil and water.*® In particular, as
one of the most common petroleum pollutants, polycyclic
aromatic hydrocarbons and hydrocarbon pollutants have
aroused more and more attention owing to their high
environmental toxicity and biological accumulation.””” There-
fore, there is an urgent need to exploit efficient and green
technologies or functional materials to address the serious
environmental issues caused by petroleum pollutants.'’
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At present, three kinds of main technologies, i.e., physical,
chemical, and biological methods, have been successfully
applied for treatment of oily wastewater.''~'* The chemical
method has obvious limitations for its inevitable involvement
of the use of chemicals, which may pose a risk for secondary

. . 15-18
environmental pollution.

Comparatively, the physical
adsorption method is more favorable owing to its simple
operation and fast treatment effects. In particular, the recent

progress in this direction by creation and employment of
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superwetting materials, e.g.,, superhydrophobic or super-
oleophilic porous materials or membranes,'” shows great
potential for treatment of oily wastewater on the basis of the
unique surface wettability of these materials, which makes
selective adsorption of petroleum (or organic pollutants)
without adsorption of water possible, thus resulting in high
efficiency for removal of the organic contaminants.”’™**
Unfortunately, however, a great challenge still remains as the
complicated or expensive fabrication process for these
superwetting materials in most of the cases would dramatically
impair their practicability and in turn hinder their application
on a large scale. On the other hand, the disposal of these
superwetting materials after use still poses a risk for secondary
environmental pollution.”*™>°

Compared with these two technologies mentioned above,
the biological method has the advantages of cost-effectiveness,
simple operation, environment-friendliness, and, importantly,
no secondary pollution.”*"> Among them, immobilized
microorganism technology is one of the most important and
efficient biological methods for biodegradation of petroleum
pollutants. For immobilized microorganism technology, the
immobilization of the microorganisms in a certain carrier
material usually with a porous structure and a large accessible
area by using adsorption/embedding methods is essential.’*~**
At the same time, the immobilized microorganisms can
normally grow up and densely distribute in the surface of
the carrier materials, by using petroleum hydrocarbons as a
carbon and energy source to maintain their own metabolism
and biological activity.”>™*° In this way, the petroleum
pollutants could be therefore biodegraded and eliminated;
microorganisms have been rapidly developed and widely used
as one of the effective ways for removal of petroleum
hydrocarbon pollutants.”’ > Although great progress has
been made in this field, there are still great challenges
connected with less immobilization amounts, low activity, or
weak immobilization strength of microorganisms to porous
substrates, e.g., activated carbon. In addition, the usually
hydrophilic nature of carrier materials leads to their poor
affinity to hydrophobic pollutants, resulting in a low adsorption
selectivity, low degradation rate, and prolonged degradation
time in terms of an acceptable degradation standard.

In this study, we demonstrate, for the first time, a new
strategy for selective adsorption and then efficient biode-
gradation of petroleum pollutants by fabrication and employ-
ment of an ultralight and lipophilic microorganism-loaded
biomass porous foam under mild conditions. The porous
structure of biomass porous foam (MSFT) could provide
plenty of room for immobilization of much more BTS strains,
while a simple surface modification of the MSFT by MTMS
could change its wettability from hydrophilic to hydrophobic,
which makes selective adsorption of hydrophobic petroleum
pollution from water for biodegradation possible. Particularly,
the biomass nature of the MSFT could provide a carbon
source for maintaining the microorganisms’ own metabolism
and biological activity. Under our conditions, the as-resulted
foam possesses a high adsorption selectivity, superior
degradation rate, and desired environmental tolerance. By
the combination of its abundant resource, cost-effectiveness,
and scalable manufacture, such a BTS strain-loaded super-
wetting biomass porous foam may have great potential for
practical applications in petroleum or organic industrial
pollutant elimination.

2. EXPERIMENTAL SECTION

2.1. Materials. n-Hexadecane (C,¢H;,) was purchased from
Shanghai Macklin Biochemical Co., Ltd. Epoxy resin ((C;;H,,0;),)
was purchased from Jinan Yunbaihui Biotechnology Co., Ltd. A
nutrient broth medium (dry powder) and a nutrient agar medium
(dry powder) were purchased from Hangzhou Microorganism
Reagent Co. Ltd. Sodium hypochlorite (NaClO,), acetic acid
(CH;COOH), ethanol (C,H;OH), and calcium nitrate (Ca(NO;),)
were all purchased from the Tianjin Guangfu Chemical Reagent
Factory, polyvinyl alcohol ((C,H,0),) was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd., methyltrimethoxysilane
(CH;Si(CH;0);) was purchased from Chengdu Aikeda Chemical
Reagent Co., Ltd, and n-hexane (C¢H;,) was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Among them,
cetane and n-hexane were of chromatographic purity, and other
chemical reagents and solvents were analytical reagents, which can be
used directly without further purification.

2.2. Culture of the BTS Strain Suspension. The BTS
microorganism inoculum was a strain that was screened by a research
group to degrade petroleum hydrocarbons efficiently.* We used
about 100 uL of activated BTS and inoculated it in a sterile nutrient
broth medium and cultured it with shaking at 37 °C and 120 r min™".
After 48 h, turbidity was observed, and the number of colonies
reached more than 1 X 10® cfu mL™"; they were taken out and stored
in a refrigerator at 4 °C.

2.3. Preparation of the Ultralight and Hydrophilic Sun-
flower Receptacle. A dried sunflower receptacle (named as SFT)
was cut into 2 X 2.5 cm and put into a beaker. NaClO, solution (250
mL, 1%) and 0.5 mL of CH;COOH were added and stirred at 75 °C
for 2 h. Then, we added 2.5 g of NaClO, and 0.5 mL of CH;COOH
to the above reaction solution, and this step was repeated 4 times.
After the reaction was finished, the solution was cooled to room
temperature, and the pH was adjusted to neutral. Finally, the ultralight
hydrophobic sunflower receptacle material named MSFT was
obtained by freeze-drying for 48 h.

2.4. Immobilization of the BTS Strain. The MSFT was
sterilized by high-pressure steam at 121 °C for 30 min and cooled
to room temperature. First, the MSFT was immersed in PVA solution
of 3% mass concentration until it was completely wet, removing
excess PVA by suction filtration and washing its surface with distilled
water to prevent blockage of the outer wall channel. Second, the
quantitative microorganism suspension was added to the MSFT, and
it was left for about 30 min until it was completely absorbed. Third,
the porous material with the immobilized BTS strain suspension was
dried at 37—40 °C for 2 h, which was beneficial for the microorganism
agent to be concentrated and loaded on the PVA surface or be
wrapped in it. Then, a Ca(NOj;),-4H,0 solution of 5% concentration
(20 mL) was added and reacted for 30 min at 4 °C. Lastly, the excess
Ca(NO,),-4H,0 solution was filtered, and this process was repeated
4 times. The carriers after the first, third, fourth, and fifth
immobilization of the BTS strain suspension were named BTS-
MSFT1, BTS-MSFT3, BTS-MSFT4, and BTS-MSFTS, respectively.

2.5. Hydrophobic and Lipophilic Surface Remodification
after Immobilization of the BTS Strain. We added acetone (10
mL) into a beaker containing epoxy resin (16 g), stirred it fully, and
dissolved it, MTMS (10 mL) was added to 8 g of the mixed solution,
and finally, the mixed modified solution was sprayed on the surface of
the BTS-MSFT4. The obtained hydrophobic and lipophilic modified
material was named BTS-MSFT4@MTMS.

2.6. Characterization. Gas chromatography (GC) (Clarus GC-
TotalChrom, PerkinElmer Instruments (Shanghai) Co. Ltd.) was
used for quantitative analysis; the column temperature was 180 °C,
which was maintained for 2 min; the temperature of the injector and
the FID detector was 220 °C; the fixed flow rates of nitrogen,
hydrogen, and air were 20, 45, and 450 mL min~’, respectively. Gas
chromatography—mass spectrometry (GC—MS) (thermo GC—MS
DSQII) was used for qualitative analysis; the test conditions were
similar to GC. A scanning electron microscope (SEM) (JSM-6700F)
was used to characterize the material morphology. The pore size and
porosity of samples were measured by mercury injection (Auto Pore
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IV-9500). Images of superhydrophilic or ultralight petroleum were
recorded by a high-speed video camera system. An energy-dispersive
spectrometer (EDS) (Octane SDD) was used to observe the
elemental distribution of the material. X-ray diffraction (XRD) of
the material was performed on a Rigaku Geigerflex D/max series
instrument. Fourier transform infrared spectroscopy (FTIR) (Nicolet
380, US) was used to study the functional groups of the material. X-
ray photoelectron spectroscopy (XPS) (PHI 5702, US) was used to
study the elemental composition and the molecular structure of the
material. In addition, the contact angle was used to characterize the
wettability. The mechanical properties of materials were tested by a
universal testing machine (SHIMADZU AGS-X). An ultraviolet
spectrophotometer (MAPADA P2PC) was used to test the
absorbance of diesel oil and gasoline.

2.7. Simulated Petroleum n-Hexadecane Degradation
Experiments. In this study, n-hexadecane was used as simulated
petroleum for degradation experiments. The experiment was divided
into four groups, including experimental group I (namely, BTS-
MSFT4), experimental group II (namely, BTS-MSFT4@MTMS), the
control group (namely, the free BTS agent), and the blank group
(namely, MSFT). First, the degradation activities of experimental
groups I and II and control and blank groups on the simulated
petroleum n-hexadecane of 3% concentration (relative to the
adsorption capacity of the microorganism liquid) were determined
at different times such as 12, 24, 72, 120, and 192 h and investigated
under the conditions of 37 °C, 120 r min~!, and pH 7. Then, the
tolerance of BTS-MSFT4@MTMS for the environment was explored
under the conditions of different initial concentrations, temperatures,
and pHs. The times of recycling and tolerance of BTS-MSFT4@
MTMS were also discussed.

3. RESULTS AND DISCUSSION

As shown in Figure 1, at first, the sunflower receptacle (SFT)
was pretreated by drying and cutting it into pieces for use. The
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Figure 1. Schematic illustration of the preparation of the BTS-
MSFT4@MTMS adsorption degradation agent.

SFT was modified into the hydrophilic porous material MSFT
by hydrolysis to remove lignin (stage 1), then PVA was used as
an adhesive, and the BTS strain was immobilized in the MSFT
many times (stage 2). After loading the BT strain, the surface
of the BTS-MSFT was remodified with MTMS to achieve a
surficial hydrophobic wettability for selective adsorption of oils
or petroleum contaminants from water (stage 3). Finally, the
absorbed oils or petroleum contaminants could be biode-
graded by BTS microorganisms in a green pattern.

In order to observe the variety of the surface wettability of
the SFT before and after modification, the measurement of the

water contact angle (WCA) was carried out, and the results are
shown in Figure 2a—d. The obvious changes in wettability of

EIRS. Al (b) f© 150 before |

i

s

Figure 2. (ab) Schematic diagrams of hydrophilicity of the MSFT,
(c) WCA of the SFT and (d) MSFT, (e—g) shape changes of the
MSFT under pressure to show its elasticity, and (h) photograph of
the MSFT on a flower core of lily to show its ultralight property.

0° after

the SFT can be found: (1) The untreated SFT has a
hydrophobic structure with a WCA of 150°. The water contact
angle of the SFT changes from 150 to 0° after hydrophilic
modification, that is, the hydrophobic SFT turns to be
hydrophilic, which facilitates a high uptake for the BTS strain.
(2) The modified SFT (abbreviated as MSFT) has sponge-like
elasticity after absorbing water (as shown in Figure 2e—g),
which is beneficial to the repeated concentration and
immobilization of BTS in the later period. (3) The MSFT
also has ultralight properties and can self-float on the surface of
water, which would be advantageous to the practical operation
and collection for elimination of organic pollutants (as shown
in Figure 2h). From the shot images (Figure S1), it can be seen
that the time from droplet dropping to complete immersion is
less than 1 s, showing the superhydrophilicity of the MSFT,
which provides the prerequisite for the subsequent immobi-
lization of the BTS strain.

The X-ray diffraction pattern (XRD) of the MSFT is shown
in Figure 3a, and the peak type indicates that the cellulose used
in this work is natural cellulose I. I, is the diffraction intensity
at 260 = 18.3°, and Iy, is the diffraction intensity at 26 = 22.5°.
The crystallinity is 39% calculated using formula S1, indicating
that the MSFT has strong elasticity, hygroscopicity, softness,
and chemical reactivity. It is beneficial to the concentration of
the immobilized BTS strain many times in the later stage.

The Fourier transform infrared spectra (FTIR) of the SFT
and MSFT are shown in Figure 3b. The characteristic
adsorption peak at 3422.84 cm™' becomes much stronger,
which is assigned to the hydrophilic group of O—H. The peak
at 2925.97 cm™' is attributed to the vibration of the C—H
bond of methyl, and methylene groups also exhibited the same
phenomenon. The stretching vibration peak of the MSFT and
SFT near 1631.22 cm™' indicates the existence of C=0
groups, and the peak is enhanced after hydrophilic ultralight
modification. In the MSFT, the stretching vibration peaks at
1397.80, 1249.21, and 1057.75 cm™! belong to the functional
groups —CH;, C—0, and C—O—C, respectively, among which
the C—O—C group is caused by the stretching vibration of the
B (14)-acetyl group in the cellulose. Through the above
analysis, it is clearly proven that the hydrophobic lignin of the
SFT is removed and the hydrophilic and lipophilic cellulose is
exposed. There are three peaks in the C 1s spectrum of X-ray
photoelectron spectroscopy (XPS) (as shown in Figure 3c):
284.7,286.2, and 287.8 eV belonging to C=C, C—0, and C=
O bonds, respectively. The O 1s spectrum (as shown in Figure

https://doi.org/10.1021/acsami.1c15380
ACS Appl. Mater. Interfaces 2021, 13, 53586—53598


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c15380/suppl_file/am1c15380_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c15380/suppl_file/am1c15380_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c15380?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c15380?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c15380?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c15380?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c15380?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c15380?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c15380?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c15380?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c15380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(a)

00

(b)

MSFT
2504

S
200 8
: 3 1736.60

c
2 150 : £
7} | =
E 100 i E
100 : 8

| - |

504 ! g

! 1

I .

l 1

0 | C

3 1

MSFT

T T T T T

10 20 30 40 5 60 70
26(°)

L
80 4000 3500

s s s o, L
3000 2500 2000 1500 1000 500

wavenumber(cm'1 )

(d)

—Cl1s

284.7ev 286.2ev c=0
\Y ’ C=C

C-0

Intensity(a.u.)

S

—— Fit curve

280 282 284 286 288 290 292

—0O1s
—— Fit curve]
o=C
C-0-C
533.0ev

531.9ev

Intensity(a.u.)

L 1 1 1 1 1
525 528 531 534 537 540

(e) - (H .
30 inding Energy(ev) Binding Energy(ev)
—_ 54
2 254 — \-
- )
E S 4 /
@ 204 £
£ I = [ ]
2 o 9O 34
S 154 / [z /
o 9 = ]
: fo1E ]
a 104 d = .
2 # 5 | -
£ 5] 2 14 u
= /0,0 o Ny \-.,\.__.
(&)
§ 0l 0___0____0__000 2 O‘H \-
350 300 250 200 150 100 50 0 50 100 150 200 250 300 350

Pore diameter(um)

Pore diameter(um)

Figure 3. (a) XRD spectrum of the MSFT, (b) FTIR spectra of the MSFT and SFT, high-resolution XPS spectra for (c) O 1s and (d) C 1s of the
MSFT, (e) mercury intrusion/extrusion curve, and (f) pore diameter distribution of the MSFT.

4d) contains two peaks at 531.9 and 533.0 eV, which are
attributed to O=C and C—O-C, respectively. The above
functional groups are consistent with those of the FTIR
spectrum. It can be concluded that the MSFT has super-
hydrophilic wettability and strong stability. The mercury
porosimetry measurements demonstrate the macroporous
structure of the carbon replicas (Figure 3ef). From the
mercury intrusion/extrusion curves, when the diameter is
350—120 um, the pore volume amount increases slowly, and
when the diameter is 120—0 um, the pore volume amount
increases rapidly. Moreover, the cumulative range of its pore
size is 0—60 um. The porosity is 92.99%, and the total pore
area is 4.570 m* g'. Both indicate that the MSFT has a
macroporous structure.

The scanning electron microscope (SEM) images of the
porous structure of the modified material MSFT and the
quantitative and morphological changes after the MSFT
immobilized BTS 1, 3, and 5 times are shown in Figure 4.
The results indicate that the MSFT possesses a porous
network structure (Figure 4a), which provides plenty of room

53589

for increasing the number of immobilized microorganisms and
promoting good growth of microbes inside, thus improving the
degradation efficiency. The microorganism agent BTS used in
the study was elliptical or rod-shaped (as shown in Figure 4b).
As shown in Figure 4c, the density distribution of the
microorganism agent fixed onto the MSFT by direct one-time
adsorption is small; however, the distribution of BTS strain
agents in the MSFT with PVA as an adhesive becomes more
intensive with the increase in the number of fixation times (1
time (Figure 4d), 3 times (Figure 4e), and S times (Figure 4f))
and is also much higher than that by direct one-time
adsorption (Figure 4b). As shown in Figure 4g, the quantity
of immobilized BTS increases with the increase in the number
of immobilization and gradually tends to be saturated at 4
times (abbreviated as BTS-MSFT4, used as a model for the
following test), which is also consistent with the SEM results.

The BTS strain of BTS-MSFT4 was diluted to 10™° by the
method of crushing and soaking, and the number of live
bacteria was calculated to be 1.15 X 10" c¢fu mL™" (as shown
in Figure S2 and the inset of Figure 4g), which was 1000 times
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Figure 4. (a) SEM images of the MSFT; (b) morphology of the BTS strain; (c) SEM images of the MSFT material fixed with the BTS
microorganism inoculum once; (d—f) SEM images of BTS-MSFT1, BTS-MSFT3, and BTS-MSFTS5; (g) quantitative diagram of immobilization of
BTS for 1, 2, 3, 4, 5 and 6 times, with the inset showing the plate viable count of BTS-MSFT4.

higher than that of free colonies with 1.09 X 10° cfu mL™", fully
indicating that the immobilized BTS method greatly increased
the microorganism activity in this experiment. Comprehensive
analysis of the above results shows that the immobilization
method of this experiment significantly improves the number
and activity of microorganisms, and the biodegradable PVA
adhesive can firmly fix the microorganism inoculum on the
material and reduce the loss of microorganisms during the
experiment, which in turn provides a feasible method for
immobilization of the BTS strain owing to its low biological
toxicity, high physical/chemical stability, and strong bio-
compatibility.

After loading the BTS strain, the surface of the BTS-MSFT4
was remodified with MTMS to achieve a surficial hydrophobic
wettability for selective adsorption of oils or petroleum
contaminants from water (abbreviated as BTS-MSFT4@
MTMS), as shown in Figure S. As shown in Figure Sa, the
WCA was measured to be 110° after hydrophobic
modification, indicating that the superhydrophilic BTS-
MSFT4 changes into lipophilic BTS-MSFT4@MTMS. More-
over, the SEM image of the BTS-MSFT4@MTMS (Figure Sb)
shows a smooth surface morphology, quite different from that
of the BTS-MSFT, which has an apparently rough surface.
Analysis from EDS (Figure Sc) shows that there is a rich
distribution of the Si element, further confirming the successful
surface modification. As shown in Figure S3, after modification,
we counted the number of viable bacteria for BTS in BTS-
MSFT4@MTMS and found that the hydrophobic modifica-

/
/97e® SR e%
oy e \

w\\(\\ )

oils or organic industrial
pollutants
(b)

Figure 5. Schematic illustration for the selective adsorption
mechanism of BTS-MSFT4@MTMS; (a) WCA of BTS-MSFT4@
MTMS, (b) SEM image of BTS-MSFT4@MTMS; (c) EDS elemental
image of BTS-MSFT4@MTMS showing the distribution of C, O, and
Si.
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Figure 6. (a) XPS spectra of BTS-MSFT4 and BTS-MSFT4@MTMS, high-resolution XPS spectra for (b) C 1s and (c) O 1s of the BTS-MSFT4@
MTMS, and (d) camera photos of the petroleum adsorption process on the surface of BTS-MSFT4@MTMS.

tion did not affect the activity of BTS, and the number of BTS
was as much as that of BTS-MSFT4 when diluted 8 times.
In Figure 6a, the BTS-MSFT4 mainly contains elements C
1s and O 1s before modification, the elements Si 2p and Si 2s
are added to the XPS spectra of BTS-MSFT4, indicating that
the BTS-MSFT4 was successfully modified by MTMS, which
is in good agreement with the result obtained in EDS
measurement. The C 1s spectra of Figure 6b clearly illustrate
that 284.7 and 286.3 eV belong to the peaks of C=C and C—
O, respectively. Meanwhile, in the O 1s spectra (as shown in
Figure 6¢), 532.2 and 533.0 eV belong to the peaks of O—Si
and C—O—C, respectively. From the shot images (Figure 6d),
we know that the time from droplet dropping to complete
immersion is only 7 ms, suggesting excellent lipophilicity, i.e.,
strong oil affinity, which would be beneficial to selective
adsorption and biodegradation of oils or petroleum pollutants.
As shown in Figure S4, the maximum load and elastic modulus
of the material increase after immobilization and modification,
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and the maximum load and elastic modulus of the final
material BTS-MSFT4@MTMS are 2992.71 N and 11.08 N
mm ™, respectively. The results indicate that BTS-MSFT4@
MTMS has excellent mechanical strength, which is beneficial
to practical application. From the mercury intrusion/extrusion
curves (as shown in Figure SS), it can be seen that the curves
of BTS-MSFT4 and BTS-MSFT4@MTMS are similar; when
the diameter is 350—80 ym, the pore volume amount increases
slowly, and when the diameter is 80—0 um, the pore volume
amount increases rapidly. Moreover, the cumulative range of
their pore size is 0—50 um. The porosities of BTS-MSFT4 and
BTS-MSFT4@MTMS are 86.84 and 84.21%, respectively,
indicating that BTS-MSFT4 and BTS-MSFT4@MTMS are
still macroporous structures, but compared with the raw
materials, the pore size and porosity are reduced. This is due to
the use of PVA as an adhesive to immobilize BTS. In addition,
the porosity of BTS-MSFT4 and BTS-MSFT4@MTMS is
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Figure 7. (a) GC originals for BTS-MSFT4@MTMS, BTS-MSFT4, and BTS. (b) The temperature was 37 °C, pH = 7, and the rotating speed of
the rocking bed was 120 r min~'. BTS, MSFT, BTS-MSFT4, and BTS-MSFT4@MTMS were used to remove 3% n-hexadecane at different times,
with the inset showing the standard curve of simulated petroleum n-hexadecane. (c) The temperature was 37 °C, pH = 7, and the rotating speed of
the rocking bed was 120 r min~". Reuse of BTS-MSFT4@MTMS to degrade the 3% n-hexadecane mixed liquid.

similar, which indicates that hydrophobic modification does
not affect the porosity of the material.

Figure 7a and Figure S6 show the results of gas
chromatography (GC). Here, the peak area refers to the
content of model petroleum, which in this is case n-
hexadecane. It can be seen that the peak area for all samples
decreases with the increase in the time, implying that n-
hexadecane can be degraded gradually with the prolonged
time. It should be noted that the smallest peak area was
observed for BTS-MSFT4@MTMS at 192 h compared to
those of BTS-MSFT4, BTS, and MSFT, ie., the residual
amount of n-hexadecane is the lowest for BTS-MSFT4@
MTMS, indicating the optimal degradation rate for n-
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hexadecane. After a duration of 192 h, the changes in
morphology of BTS-MSFT4@MTMS were investigated by
SEM. As shown in Figure S7, it still has a good porous
structure, showing better stability.

The degradation activities of BTS-MSFT4 (experimental
group 1), BTS-MSFT4@MTMS (experimental group 2), BTS
(control group), and MSFT (blank group) on the simulated
petroleum n-hexadecane of 3% concentration have been
determined by the adsorption comparison experiment. More-
over, the degradation rate of n-hexadecane was calculated using
formula S2. As shown in Figure 7b, the degradation rate
gradually increased with the increase in degradation time for
degradation for 120 h, and the degradation rates of BTS-
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Figure 8. (a) GC—MS spectrogram of alcohol intermediates produced by degradation; (b) GC—MS spectrogram of aldehyde intermediates
produced by degradation; (c) GC—MS of fatty acid intermediates produced by degradation; (d) FTIR spectra of the intermediate produced by
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diagram of the first-order dynamics of BTS-MSFT4@MTMS, BTS-MSFT4, and BTS when pH = 7, temperature = 37 °C, and the rotating speed of
the rocking bed = 120 r min™"; (g) BTS-MSFT4@MTMS rendering of degradation of n-hexadecane (oil red O stain).

MSFT4 and BTS-MSFT4@MTMS tended to be stable. At 192
h, the degradation rates of BTS-MSFT4@MTMS reached a
maximum of 86.65% and BTS-MSFT4 reached 81.62%, while
the control BTS tended to be stable after 24 h. The above
results may be attributed to the fact that when the free BTS
contacts with the water—oil mixture containing 3% simulated
petroleum #n-hexadecane, the bacteria quickly absorb and
degrade n-hexadecane to obtain energy for their growth and
reproduction or convert n-hexadecane into their own
component through assimilation.”” However, the degradation
rate tended to be lower, which continued during the later stage
of degradation due to a large number of dead microorganisms
caused by the lack of a carbon source. The analysis of the
degradation curves of the blank group showed that the material
itself has adsorption activity and can effectively improve the
biological effective concentration at the microenvironment of
BTS-MSFT4 and BTS-MSFT4@MTMS, which leads to
improving the contact rate with n-cetane of the simulated
petroleum,*' thus enhancing the degradation rate.

The reusability of the material is also an important property.
Therefore, we have carried out three repeated experiments on
BTS-MSFT4@MTMS at 37 °C, pH = 7, and 120 r min~%.
However, after the first degradation, we needed to dry BTS-
MSFT4@MTMS and reload the BTS inoculum. This is
because the microorganism has a half-life. To ensure that the

53593

microorganism has good activity, we reloaded 2 g of BTS in
BTS-MSFT4@MTMS and then carried out the degradation
experiment. As shown in Figure 7c, the degradation rate
decreased with the increase in reuse times. This is because
when BTS is loaded, the pore size of the material is reduced.
With the increase in cycle times, the pore size of BTS-
MSFT4@MTMS became smaller and smaller. The second
reason is that in the degradation process, the material itself
provides nutrition for microorganisms, so the structure is
gradually broken due to degradation, resulting in poor
degradability.

To verify the biodegradation mechanism of n-hexadecane by
BTS-MSFT4@MTMS, gas chromatography—mass spectrome-
try (GC—MS) was used to detect the components of residues
after 7 days of biodegradation of n-hexadecane. Figure 8a,
Figure 8b, and Figure 8c show the GC—MS spectra of alcohols,
aldehydes, fatty acids, and other substances produced by
microorganism degradation of n-hexadecane, respectively.
Their classification is judged by different characteristic ion
peaks of different functional groups. The chemical structure
was analyzed by M*" or dehydration, characteristic ion peaks, &
pyrolysis, and so on. As shown in Figure 8a, peaks around 59,
73, 83, and 111 are oxygen-containing fragment ion peaks of
alcohol; the molecular ion peak of alcohols is generally weak or
does not appear, with the dehydration (M-18) peak at 224.81
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Figure 9. (a) BTS-MSFT4@MTMS degradation rate in different pH environments, (b) BTS-MSFT4@MTMS degradation rate at different
temperatures, and (c) BTS-MSFT4@MTMS degradation rates at different initial concentrations of n-cetane.

and the McLafferty rearrangement (M-(H,0+CH,=CH,))
peak at 196.28, so it can be judged as hexadecanol. Peaks near
57, 85,99, 113, and 127 in Figure 8b are fragment peaks of the
hydrocarbon series of aldehydes, and the M" peak at 198, the
fragment ion (M-1) peak at 197.15, and the a pyrolysis(M-
(CHO)) peak at 168.16 can be assigned to tridecanal. Peaks
near 57, 71, and 8S in Figure 8c are characteristic ion peaks of
fatty acids, the peak of M™ is at 256.30, and the peaks of a
pyrolysis (M-(COOH) and M-(OH)) are at 211.18 and 238.9,
respectively, which can be attributed to palmitic acid. As shown
in Figure 8d, the FTIR spectra during degradation can be
observed, in which 3636.27, 3553.09, and 3464.73 are the OH
stretching vibration peaks in alcohols and 2983.34 is the OH
stretching vibration peak in carboxylic acids. The 1743.35
value belongs to the stretching vibration peak of C=O,
1447.36 and 1374.70 are the stretching vibration peaks of CH
for alkanes, 1244 and 1045.71 are the stretching vibration
peaks of C—O for alcohols, and 938.10, 847.33, and 786.24 are
the stretching vibration peaks of CH in aldehydes. All the
above results indicate that alcohols, aldehydes, fatty acids, and
other substances are produced during the degradation of n-
hexadecane. Also, the molecular chain is gradually shortened
and finally converted into H,O and CO,.

Theoretically, there are three degradation ways for n-alkanes
with a carbon number greater than 1: oxidation at the end of
alkanes, oxidation at the second end, and oxidation at the two
ends, which gradually produce alcohols, aldehydes, and fatty
acids, then enter the TCA cycle through S oxidation, and
finally produce CO, and H,0. Among them, alkane terminal
oxidation is the most common, as shown in Figure 8e. In our
experiment, the intermediates such as hexadecanol, tridecanal,
and palmitic acid produced by degradation are detected,
suggesting that the degradation pattern for n-hexadecane in
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this study is well in accordance with that of the alkane terminal
oxidation mechanism.

We also carried out a degradation kinetics study, and the
results are shown in Figure 8f. The first-order dynamics results
show that the degradation rate of BTS-MSFT4@MTMS is the
fastest, and the rate constants of BTS-MSFT4@MTMS, BTS-
MSFT4, and BTS are 0.00782, 0.00675, and 0.00244 h~",
respectively, calculated using formula S3. The half-lives (%,,,)
of BTS-MSFT4@MTMS, BTS-MSFT4, and BTS are 88.64,
102.69, and 288.81 h, respectively, calculated using formula S4.
The half-lives of the control group BTS and the experimental
group BTS-MSFT4 show that the porous material BTS-
MSEFT4 possesses a rich pore structure, and the degradation of
flora exists in its internal pores, which provides a suitable
microenvironment for microorganisms to survive and avoids
the influence of external adverse factors. Moreover, the
nutrient elements of the material can be directly supplied to
the degradation bacteria BTS for consumption, thus promoting
the growth of the degradation bacteria BTS.** At the same
time, the immobilization method in this study exhibited a
greater advantage on avoiding the weak binding force
compared to the traditional adsorption method, by using
PVA to firmly load the bacteria BTS on the pores of the
material, and then, PVA was cross-linked with Ca®* to shape it,
thus significantly improving the degradation efficiency of n-
hexadecane. The selective adsorption modification of BTS-
MSFT4@MTMS based on BTS-MSFT4, which can prolong
the carbon chain on the surface of porous materials and reduce
the interface tension, exhibits hydrophobic and lipophilic
properties, while the half-life reduced to 14.05 h and the
degradation rate of BTS-MSFT4 increased to 5%. Combined
with the analysis of the degradation sensory diagram in Figure
8g, when the BTS-MSFT4@MTMS was added into the
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Figure 10. (a) Sensory diagram of selective adsorption of gasoline and diesel oil by BTS-MSFT4@MTMS; (b) degradation rate and standard curve
of gasoline, when the degradation conditions are pH = 7, temperature = 37 °C, and the rotating speed of the rocking bed = 120 r min™"; (c)
degradation rate and standard curve of diesel oil, when the degradation conditions are pH = 7, temperature = 37 °C, and the rotating speed of the

rocking bed = 120 r min~ L.

mixture of n-hexadecane and water, n-hexadecane aggregated
in the center and was selectively adsorbed by the material
instantly. Based on BTS-MSFT4, the contact rate between
degrading bacteria and n-hexadecane was enhanced, and a
selective permeation membrane was formed outside, which
made the microorganism more firmly fixed on BTS-MSFT4@
MTMS. So, the degradation rate was significantly improved.
To evaluate the tolerance of the BTS-MSFT4@MTMS in
terms of the degradation of n-hexadecane, the effects of
different factors such as pH, concentration, and temperature of
the system were studied. Their effect can be seen from Figure
9a, the tolerance of BTS-MSFT4@MTMS for the environment
at different pH values shows that the degradation process is
suitable for neutral environments, and the possible reason is
that the surface charge and the ionization degree of the
immobilized materials are very easily affected by the pH value
of the solution, thus affecting its functional group character-
istics and surface lipophilic characteristics. The lower the pH
value of the solution, the more the hydronium ions (H;0%)
and the greater the resistance. When the pH value is too low,
the hydronium ions (H;O%) will occupy the linking groups
attached to the microorganism cell wall on the surface and
pores of BTS-MSFT4@MTMS, which will produce a repulsive
force to prevent n-hexadecane from approaching the cells.*’
However, BTS-MSFT4@MTMS has a certain tolerance in acid
and alkali environments because BTS-MSFT4@MTMS is
more less affected by the pH value, and BTS-MSFT4@MTMS
has stronger tolerance to alkalinity than acidity. The
degradation rate of n-hexadecane by BTS-MSFT4@MTMS
at different temperatures shows that (as shown in Figure 9b)
the optimum temperature for degradation is 37 °C, it shows a
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certain tolerance, and the degradation rate can reach more than
50% under the conditions of different temperatures of 27 °C
low temperature and 28 °C high temperature. All the above
results show that the material itself has the advantage of
resisting the harsh external environment, and the material has
strong stability by concentrating and immobilizing BTS many
times and selectively adsorbing hydrophobic modification.
Therefore, the degradation ability under a severe degradation
environment is improved.

Under the conditions of 192 h, 37 °C, 120 r min™", and pH
= 7, with the higher concentration of n-hexadecane, it is easier
for the adsorption sites of the surface of BTS-MSFT4@MTMS
to be occupied, the utilization rate of BTS-MSFT4@MTMS is
higher, the adsorption rate is higher, and the amount of n-
hexadecane adsorbed per unit quantity BTS-MSFT4@MTMS
is also relatively larger.** Nevertheless, when the concentration
of n-hexadecane exceeds a certain range, the saturation of the
adsorption site will also increase and the empty binding points
will gradually decrease. The adsorption amount will not
continue to increase due to the saturation of the adsorption
sites on the surface of BTS-MSFT4@MTMS, which will result
in the reduction of the adsorption rate of n-hexadecane.
Moreover, with the increasing concentration of n-hexadecane,
the process of adsorption for n-hexadecane will increase the
toxicity to BTS and will affect or even inhibit the growth and
metabolic activities of organisms, thus inhibiting the
adsorption and degradation process.”” Therefore, as shown
in Figure 9¢, the initial concentration is higher, the degradation
rate is lower, and the degradation rate can reach about 96.88%
when the initial concentration is 1%; although the degradation
rate decreases at a high concentration of 7%, it can also reach
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to more than 60%. The results show that BTS-MSFT4@
MTMS has a good degradation effect on n-hexadecane, and it
can also be proven that it has a high efficiency and green
degradation performance on n-alkanes.

In order to investigate the tolerance times of BTS-MSFT4@
MTMS to harsh environments, we used BTS-MSFT4@MTMS
to repeatedly degrade 3% hexadecane simulated pollutants at
different concentrations, different pHs, and different temper-
atures and tested its degradation rate. To keep the material
active, before each degradation, we dried the material and
added an appropriate amount of PVA and BTS. The
degradation rate test results are shown in Figure S8. Under
different pHs, temperatures, and initial concentrations, the
degradation rate decreased with the increase in cycle times.
However, when the cycle is at the third time, BTS-MSFT4@
MTMS still has certain tolerance to the environment. The
reason is that microbes have a half-life, and their activity
gradually decreases with the increase in cycle times.

Diesel oil and gasoline are petroleum products, and their
demand is increasing year by year with the development of
social economy. Due to their unreasonable utilization and
disposal by human beings, a large amount of diesel oil enters
the groundwater system, causing serious harm to it and
threatening people’s health and life. So, to further prove that
BTS-MSFT4@MTMS can be applied to petroleum degrada-
tion, we chose diesel oil and gasoline commonly used in
petroleum products as pollutants and used BTS-MSFT4@
MTMS to selectively adsorb and degrade a 3% water—oil
mixture. As shown in Figure 10a, the adsorption of diesel oil
and gasoline by BTS-MSFT4@MTMS can reach 99% in 8 h.
On the fourth day, the degradation rates of BTS-MSFT4@
MTMS to gasoline and diesel are 82.55 and 59.36%,
respectively, as shown in Figure 10b and Figure 10c. Among
them, the volatilization of gasoline leads to an increase in its
degradation rate. This BTS-MSFT4@MTMS with selective
adsorption and biodegradation has great practical application
potential in environmental remediation.

4. CONCLUSIONS

In conclusion, we have demonstrated a new strategy for
selective adsorption and then eflicient biodegradation of
petroleum pollutants by fabrication and employment of an
ultralight and lipophilic microorganism-loaded biomass porous
foam under mild conditions. By a simple surface modification,
petroleum can be selectively absorbed into the biomass porous
foam for biodegradation by the preimmobilized BTS strain.
The results obtained from this study show that the degradation
rate of 3% n-hexadecane by BTS-MSFT4@MTMS was as high
as 86.65% within 8 days, which is increased by 27% compared
with that of free BTS. The biodegradation mechanism of n-
hexadecane by BTS-MSFT4@MTMS was also studied by a
GC—MS spectrometer, and the results suggest an alkane
terminal oxidation degradation pattern. The investigation of
the effect of external environment conditions on the tolerance
of BTS-MSFT4@MTMS shows that BTS-MSFT4@MTMS
has a good tolerance and stability. Compared with the existing
methods for removal of petroleum pollution by direct
adsorption of petroleum pollution via superoleophilic porous
materials or applying of a free BTS strain for biodegradation
only, which suffers the drawbacks of low selectivity or poor
efficiency, our method has great advantages of cost-
effectiveness, scalable fabrication, and high efficiency without

secondary pollution, thus showing significant potential for
practical applications.
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