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ABSTRACT: Amorphous metal—organic framework (aMOF)-based materials have attracted considerable attention as an emerging
class of nanomaterials. Herein, novel microorganisms@aMIL-125 (Ti) composites including yeast@aMIL-12S (Ti), PCC 6803@
aMIL-125 (Ti), and Escherichia coli@aMIL-125 (Ti) composites were respectively synthesized by self-assembling aMOFs on the
microorganisms’ surface. The functional groups on the microorganisms’ surface induced structural defects and participated in the
formation of aMIL-125 (Ti) composites. Finally, the application of microorganisms@aMIL-12S (Ti) composites for the removal of
glyphosate from aqueous solution was selected as a model reaction to illustrate their potential for environmental protection. The
present method is not only economical but also has other advantages including ease of operation, environmentally friendly assay, and
high adsorption. The maximum adsorption capacity of aMIL-125 (Ti) was 1096.25 mg g™, which was 1.74 times that of crystalline
MIL-125 (Ti). Therefore, the microorganisms@aMOFs composites will have broad application prospects in energy storage, drug
delivery, catalysis, adsorbing toxic substances, sensing, encapsulating and delivering enzymes, and in other fields.

1. INTRODUCTION the reported aMOFs account for only a small fraction of
mesoporous porous materials (less than 200) and much lower
than that of crystalline MOFs (over 99,000).””* A new
synthetic method to prepare aMOFs is therefore highly
desired.

Microorganisms are a type of bioresource material that can
be mass produced by fermentation. The use of microorganisms
to prepare functional materials offers various benefits such as
low cost, fast productivity, biomineralization ability, and
environmental friendliness.”>™>’ For example, several nano-
particles including AuNPs, Fe;O,, TiO,, and Fe® have been
assembled onto microorganisms to form composites, which
exhibited attractive application prospects in scientifically and
technologically important areas including biosensing, tumor
therapy, catalysis, and pollutant treatment.”>**>° Recently, we

Recently, scientific interest in amorphous metal—organic
frameworks (aMOFs) with metal—ligand bonding motifs
similar to their crystalline counterparts is rising. aMOFs are
networks of inorganic nodes (metal ions or clusters) connected
by organic ligands in either two or three dimensions with
potential for porosity and display no long-range periodic order
within the structure. aMOFs, owing to their excellent physical
and chemical properties, such as high conductivity, rich active
metal sites, hierarchical porosity, improved mass transport,"
and significantly different guest species adsorption and release
behaviors due to the partial collapse of the porous MOF
frameworks,” have gradually caught attention in multiple areas
such as energy storage,4 drug delivery,5 catalysis,6’7 adsorbing
toxic substances,™’ sensing, 0 encapsulating and delivering
enzymes,'' and so on. The existing aMOFs were prepared via

amorphization of crystalline MOFs by the electron-beam- Received: = September 30, 2022 ]
induced method,'” high pressure,"*”'® high-energy ball Accepted: December 14, 2022

milling,'”"® high-temperature heating,”'**° and chemical Published: January 4, 2023

treatment.””?! However, these methods suffered some

problems such as multiple preparation steps, being time-

consuming, and sophisticated synthesis conditions. To date,

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.2c06329

v ACS PUblicationS 2164 ACS Omega 2023, 8, 2164—2172


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuqiang+Xiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huaduo+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weikang+Ke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aroosha+Faheem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingshun+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yonggang+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yonggang+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c06329&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06329?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06329?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06329?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06329?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06329?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06329?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06329?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06329?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/2?ref=pdf
https://pubs.acs.org/toc/acsodf/8/2?ref=pdf
https://pubs.acs.org/toc/acsodf/8/2?ref=pdf
https://pubs.acs.org/toc/acsodf/8/2?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c06329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

presented the use of microorganisms in the preparation of
microorganism@MOFs composites, which have been success-
fully used for sensing and adsorbing harmful substances.”*~>°
Interestingly, we found that the functional groups on the
surface of microorganisms can induce structural defects in
some MOFs (such as UiO-66-Zr, UiO-67-Zr, and ZIF-8).
Furthermore, we accidentally found that the existence of
microorganisms could cause the crystal structure of MIL-125
(Ti, MIL = Materials of Institute Lavoisier) to completely
disappear and get an amorphous product. Inspired by the
above findings, we presented a simple and versatile bottom-up
method for the preparation of aMIL-125 (Ti) by assembling
MIL-125 (Ti) on the microorganisms’ surface (Scheme 1).

Scheme 1. Schematic Representation of the Synthesis of the
aMIL-125 (Ti) Membranes Induced by Microbial Cell-
Based Templates

Metal ion

The metal ion and ligand of synthesized MIL-125 (Ti) and
three types of nonpathogenic microorganisms, including
Saccharomyces cerevisiae (baker’s yeast), Synechocystis sp. PCC
6803 (PCC 6803), and Escherichia coli DHSa (E. coli), were
used to validate this hypothesis and to form novel aMIL-125
(Ti)-based composites. The formation mechanism of micro-
organisms@aMIL-125 (Ti) was then investigated with a series
of characterization techniques. Finally, microorganisms@
aMIL-125 (Ti) were used to remove the glyphosate from
aqueous solution, demonstrating potential application pros-
pects of microorganisms@aMIL-125 (Ti). The adsorption
behavior and mechanism of yeast@aMIL-125 (Ti) composites
for glyphosate were also explored in detail. Hence, this work
will provide a new strategy for the preparation of advanced
aMOF materials with various features, as well as guidelines for
the design of aMOF nanomaterials.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Terephthalic acid
(H,BDC), glyphosate (99%), potassium bromide (KBr,
99.95%), and sodium nitrite (NaNO,, 99.999%) were
purchased from Sigma-Aldrich Trading Co., Ltd. (Shanghai,
China). Titanium(IV) isopropoxide [Ti(OiPr),, 99.995%] was
purchased from Alfa Aesar (Shanghai, China). N,N-Dimethyl-
formamide (DMF), methanol (99.7%), ethanol, and sulfuric
acid (H,SO,, 96.0%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China). S. cerevisize, PCC
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6803, and E. coli (DHSa) strains were kindly provided by
State Key Laboratory of Agricultural Microbiology, Huazhong
Agricultural University. Ultrapure water (18.2 MQ-cm)
collected from a laboratory ultrapure water purification system
(model Cascada I, Pall Co., Ltd., Washington, NY, USA) was
used to prepare all the solutions.

2.2. Cultivation of Microorganisms. The microorgan-
isms (yeast, PCC 6803 and E. coli) were cultured by following
our previous method.”* These microorganisms were collected
by centrifugation after being cultured for the appropriate time,
then washed with ultrapure water three times to remove free
medium, resuspended in 10% formaldehyde, and stored at 4
°C for further usage.

2.3. Synthesis of Microorganisms@aMIL-125 (Ti)
Composites and MIL-125 (Ti). Microorganisms@aMIL-
125 (Ti) composites were synthesized by a one-pot hydro-
thermal method with slight modification.”’ In short, H,BDC
(0.12 g) was dispersed in 9 mL of DMF and 1 mL of methanol
in a Teflon-lined autoclave at 25 °C for S min, and then the
microorganisms’ pellets (yeast, PCC 6803 or E. coli pellets, 1 g,
wet weight) were resuspended in S mL of DMF and mixed
with the above solution. Afterward, 200 uL of Ti(OiPr), was
introduced to the above mixture. Finally, the mixture was
heated for few minutes and kept at 150 °C for 24 h. The
obtained white solid was thoroughly washed with DMF and
ethanol three times and then dried in an oven at 100 °C for 12
h. The MIL-125 (Ti) was synthesized using the same protocol
without adding microorganism cells.

2.4. Characterization. Phase-contrast micrographs were
obtained using an Olympus BXS1 microscope (Olympus
Corp., Japan). Field-emission scanning electron microscopy
(FE-SEM) images were obtained using an electron microscope
(SU-8010, Hitachi, Ltd., Tokyo, Japan) equipped with energy-
dispersive spectroscopy (EDS). Zeta potential was measured
on a Malvern Zetasizer Nano analyzer (Malvern, ZEN 3600).
Wide-angle powder X-ray diffraction (PXRD) measurements
were performed using an X-ray diffractometer (D/MAX-RB,
Rigaku, Tokyo, Japan) with Cu Ka radiation (4 = 1.54056 A)
over the 20 range of 5—50°. N, adsorption—desorption
isotherms were recorded using a Micromeritics ASAP 2460
sorptometer (Atlanta, USA) at 77 K. The specific surface areas
were calculated using the Brunauer—Emmett—Teller method.
The pore size distributions were derived from the adsorption
branches of isotherms using the Barrett—Joyner—Halenda
method. Fourier transform infrared (FTIR) spectra were
obtained using a FTIR spectrophotometer (Vertex 70, Bruker
Optics, Ettlingen, Germany) within the 400—4000 cm™
region. X-ray photoelectron spectroscopy (XPS) was per-
formed using a VG Multilab 2000 (Thermo Fisher Scientific,
Waltham, MA, USA) spectrometer with monochromatic Al Ka
radiation. Binding energy values were charge-corrected to the
adventitious carbon (C 1s = 284.8 eV). The ultraviolet visible
(UV—vis) spectra were recorded using a UV-2600 spectropho-
tometer (Shimadzu, Japan).

2.5. Adsorption Experiments. Glyphosate adsorption
experiment studies were performed in a batch at 25 °C, and
the details of the adsorption experiment are described in the
Supporting Information.

2.6. Statistics and Data Analysis. The data fit of the
adsorption model was performed using Origin (version
OriginPro 2020 Learning Edition, OriginLab Co., USA).
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3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Microorgan-
isms@aMIL-125 (Ti) Composites. First, microbial cells
including yeast, PCC 6803, and E. coli were respectively
treated and inactivated by using formaldehyde to avoid
collapse or breakage during subsequent application and
storage.””** The inactivated microorganism cells (yeast, PCC
6803 and E. coli), MIL-125 (Ti), and microorganism@aMIL-
125 (Ti) composites were then characterized by using phase-
contrast microscopy, FE-SEM, zeta potential, PXRD, and
nitrogen adsorption—desorption isotherms measurement,
respectively. The phase-contrast microscopy images (Figure
S1, Supporting Information) showed that the as-prepared
microorganisms@aMIL-125 (Ti) composites had good uni-
formity and monodispersity similar to that of the inactivated
yeast, PCC 6803, and E. coli cells. The surface of micro-
organisms@aMIL-125 (Ti) composites had a thin coating of
nanoparticles (Figure la,b,,c,), compared to the smooth

Figure 1. FE-SEM images of microorganisms and microorganisms@
aMIL-125 (Ti) composites. (a,) yeast, (a,) yeast@aMIL-125 (Ti),
(b;) PCC 6803, (b,) PCC 6803@aMIL-125 (Ti), (c;) E. coli, and
(cy) E. coli@aMIL-125 (Ti).

surface of pristine yeast, PCC 6803, and E. coli cells (Figure
lay,by,c;). The morphology of the nanoparticles on the surface
of microorganisms was quite different from that of the as-
prepared MIL-125 (Ti) (Figure S2, Supporting Information).
After the formation of microorganisms@aMIL-125 (Ti)
composites, the zeta potential values of yeast (—42.3 mV),
PCC 6803 (—26.1 mV), and E. coli (—46.6 mV) were changed
to —2.5, 4.4, and —8.6 mV, respectively (Figure S3, Supporting
Information), indicating the presence of a Ti-based nano-
particle on the surface of microorganisms.

As shown in Figure 2a—c and Table S1 (Supporting
Information), the average pore size of yeast@aMIL-125 (Ti),
PCC 6803@aMIL-125 (Ti), and E. coli@aMIL-125 (Ti)
composites was 3.90, 4.05, and 4.53 nm, respectively. The
corresponding value for MIL-125 (Ti) was 2.65 nm (Figure 2d
and Table S1, Supporting Information), which agreed with that
reported previously (2.40 nm).>" Obviously, the average pore
sizes of composites increased by about 1.6 times in comparison
with that of crystalline MIL-125 (Ti). This finding revealed
that Ti-based nanoparticles on the surface of microorganisms
were a new mesoporous material but not crystalline MIL-125
(Ti).

As shown in Figure 3, the PXRD patterns of micro-
organisms@aMIL-125 (Ti) composites absolutely mismatched
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with the simulated patterns of the MIL-125 (Ti), while the as-
prepared MIL-125 (Ti) had high crystallinity and its diffraction
peak could be perfectly matched with the simulated PXRD
pattern. When the microorganism pellets were added into the
reaction system, the most prominent feature of the PXRD
patterns of composites was the appearance of a new strong and
broad asymmetric “hump” at approximately 19°, while most of
the main characteristic peaks of the simulated patterns
disappeared in the composites’ patterns, suggesting the
presence of a highly amorphous structure in these
composites.”” Accordingly, the results of PXRD combined
with that characterized by SEM, zeta potential, and nitrogen
adsorption—desorption isotherms measurement showed that
the Ti-based nanomaterial coated on the yeast cell surface was
a new kind of aMOF with a mesoporous structure.

The yeast@aMIL-125 (Ti) composites as a model were
further characterized by using EDS, FTIR, and XPS
techniques. The EDS mappings clearly showed the presence
of homogeneously and continuously distributed Ti, C, O, N,
and P elements and an overlayer of the above elements in
yeast@aMIL-125 (Ti) (Figure 4), indicating that the aMIL-
125 (Ti) film was uniformly coated on the surface of the yeast
cell. As shown in Figure S4 (Supporting Information), it can be
confirmed that the presence of —COOH (3363 and 1656
cm™!), amide I (1656 cm™), amide II (1544 cm™), —OH
(3363, 2925, 1385 and 1044 cm™"), and —PO; groups (1242
and 1044 cm™") on the yeast cell wall will provide a wide range
of fixed sites to stabilize various metals.””**** The character-
istic peak at 1049 cm™" indicated the formation of Ti—O—C=
O or Ti—O—C between the Ti precursor and functional
groups (e.g, —COOH, —OH, amide and —PO;) present on
the surface of yeast cells.”* The wavenumbers red-shifts of 18
cm™ at 3363 cm™!, 7 em™! at 2925 ecm™!, 3 ecm™! at 1242
cm™}, and 5 cm™! at 1044 cm™! were observed, while the
wavenumbers blue-shift of 7 cm™ at 1656 cm™, and 6 cm™ at
1544 cm™"! were observed after the formation of yeast@aMIL-
125 (Ti) composites. Additionally, the free yeast’s FTIR
spectrum showed that the asymmetric stretching vibration
(—COOH) signal is apparent at about 1656 cm™", which was
different from the coordinated asymmetric stretching vibration
at 1649 cm™ for yeast@aMIL-125 (Ti).>> Such a difference
suggests the successful coordination between —COOH groups
from yeast and Ti ions. These observations could be ascribed
to the stretching vibration of C=0, C—0, C—-N, O—H, N-H,
and P—O bonds. The shifted FTIR signals of —COOH, —OH,
amide I, amide II, and —POj; groups suggested that these
functional groups present on the surface of yeast cells may be
involved in inducing the amorphization of the MIL-125 (Ti).

The survey XPS spectrum of yeast@aMIL-125 (Ti)
composites exhibited the characteristic spectra of Ti 2p
(Figure SSa, Supporting Information). The Ti 2p spectrum
of yeast@aMIL-125 (Ti) composites showed two main peaks
located at 457.07 and 462.78 eV (Figure SSb, Supporting
Information), which were attributed to Ti 2p;/, and Ti 2p,,,
respectively.’® In addition, the high-resolution XPS spectra of
C 1s for yeast cells (Figure SSc, Supporting Information) can
be divided into three different peaks at 284.54, 285.92, and
287.39 eV, corresponding to C—C/C—H, carboxylate group
(O—C=0), and carbonyl group (C=O) bonds, respec-
tively.”* As shown in Figure S5d (Supporting Information), the
O 1s spectra of yeast cells present the bonds of —OH and C—
0O/C=0 at 531.85 and 532.45 eV, respectively.”” The N 1s
spectra of yeast cells showed the amide centered at 399.56 eV
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Figure 2. Pore size distributions of (a) yeast@aMIL-125 (Ti), (b) PCC 6803@aMIL-125 (Ti), (c) E. coli@aMIL-125 (Ti), and (d) MIL-125 (Ti).
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Figure 3. Simulated and experimental PXRD patterns of MIL-125
(Ti) and microorganisms@aMIL-125 (Ti) composites.

while protonated amine at 400.35 eV (Figure SSe, Supporting
Information), respectively.”” Moreover, as shown in Figure S5f
(Supporting Information), the P 2p high-resolution XPS
spectra of yeast cells can be deconvoluted into two g)eaks at
133.06 eV (P—O) and 134.07 eV (C—0-P),***” which
confirms the presence of —PO; on the surface of yeast cells.
After the formation of yeast@aMIL-125 (Ti) composites, it
could be clearly observed that the peaks at 283.2, 528.94,
531.11, 400.35, 132.06, and 133.31 eV were attributed to C—
Ti—0," lattice oxygen (OZ_),34 Ti—OH,***' N—C=0,"* P—
C, and P—O bonds,*® respectively, suggesting no characteristic
binding energy of Ti—N (456.4 eV) and Ti—P bonds (455.40
eV).*’ Notably, the binding energies and atomic proportions
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Figure 4. EDS characterization of yeast@aMIL-125 (Ti) composites.
EDS element mappings of (a) Tj, (b) C, (c) O, (d) N, (e) P, and (f)
overlayer of the above elements of yeast@aMIL-125 (Ti) composites,
respectively.

(atom %) of C 1s, O 1s, N 1s, and P 2p in —COOH, —OH,
amide and —POj groups have significantly changed after the
formation of yeast@aMIL-125 (Ti) composites (Figure SSc—f,
Supporting Information). The apparent changes in composi-
tion are most likely caused by changes in the structure of the
material.® Combined with the results of FTIR, we believe that
the functional groups including —COOH, —OH, amide, and
—PO; on the surface of yeast cells were coordinately competed
with the Ti-oxo cluster and formed the intermolecular
hydrogen bond between the functional groups of —COOH,
—OH, and —NH, in yeast cells with the organic linkers
(H,BDC) during the stirring process.”* Such coordination
interactions lead to the defects in the crystal structure of MIL-
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Figure S. Adsorption performance of glyphosate by microorganisms@aMIL-12S (Ti) composites and crystalline MIL-125 (Ti). Adsorption
kinetics and nonlinear fitting curves of glyphosate on yeast@aMIL-125 (Ti) composites using (a) pseudo-first-order and (b) pseudo-second-order
kinetic models. Reaction conditions: glyphosate concentration: 1.0 mg mL™'; adsorbent dosage: 3.75 mg (dry weight); pH 3.0; temperature: 25 °C.
Langmuir and Freundlich isotherms model curves of (c) yeast@aMIL-125 (Ti) composites, (d) PCC 6803@aMIL-125 (Ti) composites, (e) E.
coli@aMIL-125 (Ti) composites, and (f) crystalline MIL-125 (Ti) toward glyphosate, where gq,, (mg g™') is the theoretical maximal adsorption
capacities of adsorbent, C, is the glyphosate concentration after equilibrium was reached, K; (L mg™') is the Langmuir adsorption constant, Ky (L
mg™") is the Freundlich adsorption constant related to the adsorption capability of the adsorbent, and n is the heterogeneity factor. Reaction
conditions: initial glyphosate concentration: 0.2 to 2.5 mg mL™"; adsorbent dosage: 3.75 mg (dry weight); pH 3.0; reaction time: 240 min;

temperature: 25 °C.

125 (Ti) resulting from disordered links between metal ions
and organic ligands.” That is, functional groups on the surface
of the microbial cell wall could alter the energy barriers of
MOF nucleation, promote crystal growth pathway, and lead to
an entropy-driven process (i.e, amorphization) to form
microorganism@aMIL-125 (Ti) composites.””** Obviously,
this developed method is quite different from the conventional
methods, providing a cost-effective and convenient way to
prepare new aMOF-based materials under mild conditions.
3.2. Adsorption of Glyphosate on Microorganisms@
aMIL-125 (Ti) Composites. Glyphosate is the most widely
used broad-spectrum herbicide derived from glycine in the
world.*” The extensive use of glyphosate has caused wide-
spread environmental pollution and has potential links with
human cancer and other chronic diseases.** > Therefore,
exploring effective adsorbents to remove glyphosate from the
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environment is highly desired. The use of microorganisms@
aMIL-125 (Ti) composites as a new adsorbent for glyphosate
removal was investigated in the subsequent experiments, and
the yeast@aMIL-125 (Ti) composite was selected as an
example. As shown in Figure S6a (Supporting Information),
the effect of pH on glyphosate adsorption was investigated by
varying from 1.0 to 10.0. The glyphosate adsorption capacity of
the yeast@aMIL-125 (Ti) composite increased from 1.0 to 3.0
and decreased with the continuous increase in pH reaching
above 3.0. The zeta potential value of yeast@aMIL-125 (Ti)
composites decreased from —2.51 to —5.89 mV after
glyphosate adsorption at pH 3.0 (Figure S6b, Supporting
Information), because glyphosate becomes electronegative
when pH increased to 3.0 and even more.”’ ™>® Results in
Figure S6c (Supporting Information) revealed that the surface
potential of yeast@aMIL-125 (Ti) composites was a negative
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value above pH 3.0. Accordingly, the electrostatic attraction
was not the main factor of glyphosate adsorption on the
yeast@aMIL-125 (Ti) composite surface.

The adsorption of glyphosate was further investigated using
FTIR and XPS, respectively. As shown in Figure S7a
(Supporting Information), several characteristic peaks were
red-shifted after the adsorption of glyphosate, including
—COOH (3381 and 1649 cm™) and —OH (3381 and 1386
cm™'), indicating that the intermolecular hydrogen bonding
could be formed between the —COOH and —OH groups of
organic linkers (H,BDC) and the —COOH, —NH-, and
—H,PO; groups present in glyphosate.”* As shown in Figure
S7b—d (Supporting Information), the binding energies and
atom% of C 1s, O 1s and Ti 2p peaks of yeast@aMIL-125 (Ti)
composites before and after the adsorption of glyphosate were
not significantly changed. Compared with the N 1s and P 2p
spectra of yeast@aMIL-125 (Ti) composites (Figure S7e—f,
Supporting Information), the binding energies and atom% of
N 1s and P 2p were obviously changed after glyphosate
adsorption, indicating that the electron density in the N and P
atoms of glyphosate was either lost or accepted electrons.”
Combined with the results shown in FTIR, the XPS data
revealed the adsorption of glyphosate by yeast@aMIL-125
(Ti) composites is a chemisorption process. This process was
attributed to the affinity between the titanium-based active
centers in the yeast@aMIL-125 (Ti) composites, the
phosphate group, and the amino groups present in the
glyphosate molecule.”® Given the concentration of OH™, which
increased with the increase of pH above 3.0 (Figure S6a,
Supporting Information), the gradual decrease of glyphosate
adsorption capacity of the yeast@aMIL-125 (Ti) composite
might be due to the presence of competitive reactions between
glyphosate and OH™.

The adsorption kinetics of yeast@aMIL-125 (Ti) compo-
sites were evaluated in a glyphosate solution (the concen-
tration from 0.2 to 2.5 mg mL™"). As shown in Figure Sa,b, the
pseudo-first-order and pseudo-second-order models were used
to analyze the way of the adsorption interaction, indicating that
the pseudo-second-order model was more appropriate in
describing the adsorption process with a higher R* value.
Additionally, the data fitted well with the pseudo-second-order
model, suggesting that the adsorption rate depends on the
concentration of function sites of yeast@aMIL-125 (Ti)
composites.’® >’ The specific surface area and total pore
volume of the yeast@aMIL-125 (Ti) composites after
adsorption of glyphosate molecules were smaller than those
before adsorption (Figure S8 and Table S1, Supporting
Information), which confirmed that glyphosate molecules
were adsorbed into the pore cavities of yeast@aMIL-125
(Ti) composites. The adsorption capacity of yeast@aMIL-125
(Ti) composites for glyphosate increased rapidly in the first 60
min and reached equilibrium within 240 min. The reason
might be the presence of plenty of vacant binding sites on the
surface of yeast@aMIL-125 (Ti) composites during the initial
60 min, which were favorable for rapid adsorption of
glyphosate. Subsequently, the adsorbent cavities were gradually
and partially blocked by the absorbed glyphosate molecules,
preventing other glyphosate molecules from combining with
the adsorption sites on the adsorbents,”**”%° resulting in a
gradual decrease in the adsorption rate and finally reaching
equilibrium after 240 min.

As shown in Figure Sc—e, the adsorption isotherms of
glyphosate on microorganisms@aMIL-125 (Ti) composites
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were more consistent with the Langmuir model, which showed
better fit than the Freundlich model with higher R? values,
suggesting that the adsorption process may be monolayer
adsorption. Therefore, the adsorption process of glyphosate on
microorganisms@aMIL-125 (Ti) composites could be as-
cribed to a homogeneous and monolayer adsorption.’!
According to the Langmuir isotherm model, the maximum
adsorption capacity (g,,) of glyphosate on yeast@aMIL-125
(Ti), PCC 6803@aMIL-125 (Ti), and E. coli@aMIL-125 (Ti)
composites was 209.966, 492.641, and 560.050 mg g_l,
respectively. We noticed that the proportion of aMOFs in
the yeast@aMIL-125 (Ti), PCC 6803@aMIL-125 (Ti), and E.
coli@aMIL-125 (Ti) composites was 19.4, 44.9, and 50.5%,
respectively. Meanwhile, no significant adsorption of glyph-
osate on the microbial surface was observed during our
experiments (Figure S9, Supporting Information). Obviously,
the adsorption of glyphosate composites was due to the
formation of aMOFs on the surface of microorganisms, and
the different g,, was due to the proportion of the aMOF with a
similar structure and aperture in yeast@aMIL-125 (Ti), PCC
6803@aMIL-125 (Ti), and E. coli@aMIL-125 (Ti) compo-
sites. The q,, of aMIL-125 (Ti) after removing the weight of
microbial cells was then calculated. As shown in Table 1, g,, of

Table 1. Comparison of the Adsorption Capacities of
Glyphosate by Various Adsorbents

adsorbents Gmax (mg g7') references
Kaolinite-humic acid composites 0.996 55
aminated lignin/Fe;0,/La(OH); 83.87 63
Cu-zeolite 4A 112.7 64
MnFe,0,—graphene 39 52
MnFe,O,@activated carbon 167.2 65
UiO-67 537 56
Fe;0,@Si0,@Ui0-67 256.54 60
UiO-67/graphene 482.69 57
NH,-MIL-101 (Cr) 6425 66
MIL-101 (Fe) 107.70 67
NH,-MIL-101(Fe) 124.38 67
Fe;0,@NH,- MIL-101(Fe) 11.95 68
AMIL-125 (Ti) (yeus) 1082.45 this work
aMIL-125 (Ti) pec s03) 1097.19 this work
aMIL-125 (Ti) g, con) 1109.00 this work
MIL-125 (Ti) 631.226 this work

aMIL-125 (Ti) obtained from yeast@aMIL-125 (Ti), PCC
6803@aMIL-12$ (Ti), and E. coli@aMIL-125 (Ti) composites
was 1082.4S, 1097.19, and 1109.00 mg g~ ', respectively. That
is, the aMOF obtained on different microbial surfaces with the
same amount of MOF raw materials had a similar structure and
properties. Hence, the same adsorption effect can be obtained
after removing the microbial weight. The q,, of aMIL-125 (Ti)
was about 1.7 times that of crystalline MIL-125 (Ti) (631.226
mg g, Figure Sf), which was better than that of the other
reported adsorbents listed in Table 1. As shown in Figure 2
and Table S1 (Supporting Information), the aperture of aMIL-
125 (Ti) was obviously larger than that of crystalline MIL-125
(Ti). However, the specific surface area and total pore volume
of aMOFs were smaller than those of the MOF. Given this
perspective, the increase of the pore size of aMOFs is the key
factor for the increase of glyphosate g, because the large pore
size and structural defects of aMOFs could effectively improve
mass transport and active molecular metal sites.” ">
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As shown in Figure S10 (Supporting Information), the effect
of coexisting cations on the adsorption of glyphosate by
yeast@aMIL-125 (Ti) composites was also investigated with
different concentrations (S and 50 mM) of Na*, K*, Mg*,
Ca?", and AI**. The almost unchanged adsorption capacities of
glyphosate indicate that the effect on the adsorption of
glyphosate caused by these coexisting metal ions could be
negligible under tested conditions. Moreover, as shown in
Figure S11 (Supporting Information), the adsorption efficiency
of the three microorganisms@aMIL-125 (Ti) composites can
retain above 70% after five cycles, indicating that the as-
prepared microorganisms@aMIL-125 (Ti) composites can be
used to remove glyphosate from polluted water for at least five
times. Hence, microorganisms@aMIL-125 (Ti) composites
proved to be a prospective glyphosate adsorbent with high
application potential.

4. CONCLUSIONS

In summary, we have developed a facile, straightforward, low-
cost, and environmentally friendly strategy to induce
amorphization of MIL-125 (Ti) through functional groups
on the surface of microorganisms. The formation of micro-
organisms@aMIL-125 (Ti) composites was a chemical self-
assembly process. The as-prepared microorganisms@aMIL-
125 (Ti) composites exhibited high adsorption capacity toward
glyphosate, attributed to the adequate pore size and strong
affinity between the low-coordinated titanium-based active
centers in the microorganism@aMIL-125 (Ti) composites and
glyphosate. This work has provided an innovative amorphiza-
tion strategy for the synthesis of novel aMOF-based
composites with enhanced performance, which can be
extensively employed in gas adsorption, pollutant treatment,

drug delivery, and biosensing.
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