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Introduction

Degradable sugar-based magnetic hybrid
nanoparticles for recovery of crude oil from
aqueous environmentsf

Mei Dong, © 2 Yue Song, © 2 Hai Wang, @2 Lu Su, ©? Yidan Shen,” David K. Tran,?
Rachel A. Letteri, @2 Jeniree A. Flores,? Yen-Nan Lin, ©2< Jialuo Li @2 and
Karen L. Wooley @ *2bd

In this work, we designed and fabricated a nanoscopic sugar-based magnetic hybrid material that is
capable of tackling environmental pollution posed by marine oil spills, while minimizing potential second-
ary problems that may occur from microplastic contamination. These readily-defined magnetic nano-
composites were constructed through co-assembly of magnetic iron oxide nanoparticles (MIONs) and a
degradable amphiphilic polymer, poly(ethylene glycol)-b-dopamine-functionalized poly(ethyl propargyl
glucose carbonate)-b-poly(ethyl glucose carbonate), PEG-b-PGC[(EPC-MPA)-co-(EPC-DOPA)]-b-PGC
(EC), driven by supramolecular co-assembly in water with enhanced interactions provided via complexa-
tion between dopamine and MIONs. The composite nanoscopic assemblies possessed a pseudo-micellar
structure, with MIONs trapped within the polymer framework. The triblock terpolymer was synthesized by
sequential ring-opening polymerizations (ROPs) of two glucose-derived carbonate monomers, initiated
by a PEG macroinitiator. Dopamine anchoring groups were subsequently installed by first introducing car-
boxylic acid groups using a thiol-yne click reaction, followed by amidation with dopamine. The resulting
amphiphilic triblock terpolymers and MIONs were co-assembled to afford hybrid nanocomposites using
solvent exchange processes from organic solvent to water. In combination with hydrophobic interactions,
the linkage between dopamine and iron oxide stabilized the overall nanoscopic structure to allow for the
establishment of a uniform globular morphology, whereas attempts at co-assembly with the triblock ter-
polymer precursor, lacking dopamine side chains, failed to afford well-defined nanostructures. The mag-
netic hybrid nanoparticles demonstrated high oil sorption capacities, ca. 8 times their initial dry weight,
attributed, in part, to large surface areas leading to effective contact between the nanomaterials and
hydrocarbon pollutants. Moreover, the naturally-derived polymer framework undergoes hydrolytic degra-
dation to break down into byproducts that include glucose, ethanol and dopamine if not recovered after
deployment, alleviating concerns of potential microplastic generation and persistence.

health, and global economy.'™ Several methods (e.g. physical,
mechanical, chemical and biological, etc.) are available to

Oil spills endanger marine and human life, threaten drinking
water and natural resources, damage parts of the food chain,
and pose serious hazards to the aquatic environment, public
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contain oil spills in addition to natural processes, such as
evaporation, oxidation, and biodegradation.”” Common physi-
cal methods for oil spill clean-up include pressure washing,
raking and bulldozing, which are time-consuming and require
extensive equipment and personnel resources. Mechanical
containment methods, such as booms and skimmers, are used
at an earlier stage to block the spread of oil, limit its area, and
remove it from the water.® Chemical and biological treatment
of oil, such as dispersing agents and gelling agents, can be
used followed by, or even in place of, mechanical methods,
especially in areas where untreated oil may reach shorelines
and in sensitive habitats where clean-up processes become
difficult and environmentally damaging.®” Among these
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methods and techniques, synthetic sorbents and dispersing
agents are more attractive and commonly used to remove final
traces of oil or to remove oil in areas where mechanical con-
tainment and clean-up are difficult.®’

With the growing awareness of the persistence of plastics in
the environment, including microplastics, there has been a
rising concern about the materials used in the commercially-
available sorbents and dispersing agents on the market.'*™"?
Synthetic polymer-based sorbents or dispersants have been
reported to generate micro- and nano-plastics in aquatic
environments.'**® Transfer of these persistent micro- and
nano-plastics across the food chain can cause serious and far-
reaching threat to the global health of wildlife and human
populations.”®**'” Moreover, agents that are deployed are
often not recovered, which may not only contribute to the con-
tamination but also represent a wasteful approach to material
resources, as occurs for a traditional linear, take-make-dispose
economy.'® One of the key strategies to solve these problems is
the development of materials that can undergo passive degra-
dation if discarded and active recycling or upcycling processes
if recovered. By such processes, it is possible to evolve towards
a more sustainable circular economic system, in which plastics
can be make-use-reuse with reduction of waste.'*>!

In addition to long-term environmental problems, previous
synthetic polymeric sorbents present several challenges that
include difficulty in retrieval from water, proper storage after
use, and thorough cleaning for reuse, even though they
demonstrate  outstanding  performance in  pollutant
absorption.”>>* To address these limitations, magnetic actua-
tion has been introduced to facilitate the collection of
deployed conventional oil sorbents.**”*° For instance, Gui and
co-workers reported the fabrication of magnetic carbon nano-
tube sponges that have porous structures consisting of
interconnected carbon nanotubes with Fe encapsulation.?®
Pan and co-workers designed a series of ultralow-density
Fe,0;/C, Co/C, and Ni/C magnetic poly(acrylic acid) (PAA)-
grafted polyurethane foams modified by reaction with methyl-
trichlorosilane for oil-water separation.**

Dispersed, discrete nanoparticles are expected to exhibit
optimal small molecule uptake performance because they have
high surface areas for contact, while maintaining adequate
core volume for packaging of hydrophobic hydrocarbon com-
ponents of crude oil or other pollutants. It is a common obser-
vation that oil, when spilled on water, tends to spread on the
water surface in the form of a thin continuous layer of less
than 5 pm thickness within a short time.**** Therefore, a
large surface area-to-volume ratio is likely to be beneficial to
increase the efficiency and lower the amount of absorbent
required, which may also reduce the energy and economic
costs.>*® Moreover, the existence of submarine seepage
during offshore drilling operations can cause long-term
damage to the environment.>” Amphiphilic dispersant-based
materials have potential to recover both surface and sub-
surface oil populations.*®? Assimilating all of these factors, a
degradable magnetically-active dispersant-based material is
considered to be highly desirable for the design of oil recovery
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materials, which may have limited adverse environmental
impact, themselves, while also contributing to a plastic circu-
lar economy.

Previously, well-defined magnetic shell cross-linked knedel-
like nanoparticles (MSCKs) were constructed through the co-
assembly and intramicellar cross-linking of amphiphilic block
copolymers poly(acrylic acid),o-block-polystyrene,g, (PAA,-b-
PS,50) and oleic acid-stabilized MIONs.>* The co-assembly
process provided a large number of magnetic nanoparticles
incorporated non-covalently within each polymeric micelle
formed by PAA,-b-PS,gy, wWhich was further cross-linked to
increase stability and loading capability by creating a sturdy
vessel that could undergo reversible expansion and contrac-
tion. However, the polymeric scaffold in this former design
was comprised of two non-degradable components, PAA and
PS, which have been widely used in cosmetics, personal care,
and plastics industries for years and present an emerging
threat in marine and aquatic ecosystems as microplastics.*® To
tackle these environmental concerns, our group has developed
glucose-derived polycarbonates containing labile carbonate
linkages to construct functional materials that are able to
degrade into natural products, including glucose, carbon
dioxide, and ethanol.**™*® In this current work, we have taken
advantage of several interesting recent developments toward
chemistries®**°® that allow for the preparation of degradable
polycarbonates containing diverse functional groups and
derived from natural products,”’>® to design a sustainable
polycarbonate system that incorporates glucose, ethanol and
dopamine as natural building blocks to assemble hybrid in-
organic-organic nanoparticles that achieve effective oil uptake
performance due to steric bulk and hydrophobicity, with mag-
netic recovery, and hydrolytic degradability.

Results and discussion
Design of the sugar-based magnetic hybrid nanoparticles

The magnetic nanocomposites were constructed by an overall
three step sequence that involved independent preparation of
amphiphilic triblock terpolymers, poly(ethylene glycol)-b-dopa-
mine-functionalized poly(ethyl propargyl glucose carbonate)-
b-poly(ethyl  glucose carbonate, PEG-b-PGC[(EPC-MPA)-
co-(EPC-DOPA)|-b-PGC(EC), and magnetic iron oxide nano-
particles (MIONSs), followed by their co-assembly, as illustrated
in Scheme 1. Using poly(ethylene glycol) (PEG) as the hydro-
philic component and macroinitiator, sequential ring-opening
polymerizations (ROPs) of two glucose-derived cyclic carbonate
monomers afforded amphiphilic PEG-b-PGC with two hydro-
phobic segments carrying either ethyl + propargyl or ethyl +
ethyl side chain functionalities. The resulting triblock terpoly-
mers 1, PEG-b-PGC(EPC)-b-PGC(EC), dispersed readily in water
but were unable to produce co-assembled nanostructures with
MIONSs. Because it was hypothesized that the chemical compo-
sition of 1 provided insufficient interactions with MIONS,
dopamine moieties were introduced as high-affinity anchor
groups to facilitate MION encapsulation.’”° Thiol-yne click

This journal is © The Royal Society of Chemistry 2020
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(a) Synthesis of polymer 1, PEG-b-PGC(EPC)-b-PGC(EC) by sequential ROPs of glucose carbonate monomers from a PEG macroinitiator,

followed by post-polymerization modification via thiol-yne reaction with 3-mercaptopropionic acid (MPA) to prepare polymer 2, PEG-b-PGC
(EPC-MPA)-b-PGC(EC), and functionalization of polymer 2 with dopamine hydrochloride to afford polymer 3, PEG-b-PGC[(EPC-MPA)-co-
(EPC-DOPA)]-b-PGC(EC). (b) Synthesis of magnetic iron oxide nanoparticles (MIONs), and co-assembly of 3 and MIONs to afford magnetic hybrid

nanoparticles 4.

chemistry®®®* of 1 with 3-mercaptopropionic acid (MPA)

yielded intermediate 2, PEG-b-PGC(EPC-MPA)-h-PGC(EC),
which was then followed by amidation with dopamine to
afford PEG-b-PGC[(EPC-MPA)-co-(EPC-DOPA)]-h-PGC(EC), 3.
Finally, co-assembly of 3 with MIONs upon exchange from
organic solvent to water resulted in formation of the magnetic
nanocomposites 4.

Thermal synthesis of MIONs

The synthesis of MIONs was carried out following a standard
air-free procedure, where a high-temperature solution-phase
reaction of iron(m) acetylacetonate [Fe(acac);] and 1,2-hexade-
canediol was conducted in the presence of oleic acid and oley-
lamine as (co-)surfactants.®»** The as-synthesized MIONs were
characterized by transmission electron microscopy (TEM)
imaging and superconducting quantum interference device
(SQUID) magnetometry measurements. TEM showed nano-
particles with a number-averaged diameter (D,,) of 6 + 1 nm,
upon analysis of more than 100 nanoparticles (Fig. 1). SQUID
magnetometry on MIONs indicated that the particles were in
the superparamagnetic regime at room temperature, ie. the
particles became magnetic in the presence of an applied mag-
netic field, enabling magnetic separation and recycling
(Fig. S17).

This journal is © The Royal Society of Chemistry 2020

6 8 10
Diameter (nm)

Fig. 1 (a) Transmission electron microscopy (TEM) image of MIONs.
The TEM sample was drop-cast from a THF solution (ca. 5 mg mL™?,
5 pL) with no stain; the average diameter was determined by measure-
ment of >100 nanoparticles. (b) Histogram of MIONs showing a D,, of 6
+1nm.

Synthesis and post-polymerization modification of functional
sugar-based degradable amphiphilic block terpolymers

The functional triblock terpolymer 1 was synthesized by rapid
organobase-catalyzed sequential ROPs of the glucose-based
monomers GC(EPC) and GC(EC) in dichloromethane (DCM)
with mPEG,; as the hydrophilic macroinitiator and 1,5,7-tria-
zabicyclo[4.4.0]-dec-5-ene  (TBD) as the organocatalyst
(Scheme S1%). The PGC(EPC) block carried alkyne functional
groups allowing for further chemical modification by click
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chemistry to install functionalities and afford hydrophilicity;
while the PGC(EC) block was incorporated to serve as a con-
stant hydrophobic segment. The polymerization of GC(EPC)
was allowed to proceed in a —78 °C dry ice/acetone bath for
6-10 min, according to previous literature.*® The reaction flask
was then transferred to an ice water bath, the GC(EC)
monomer was added, and growth of the PGC(EC) block was
conducted over a period of 20 min to achieve quantitative
chain extension. The reaction was quenched by adding an
excess amount of acetic acid, and the polymer product was iso-
lated by precipitation in diethyl ether three times and dried in
vacuo to yield a white powder. Analysis of the size exclusion
chromatography (SEC) trace of the resulting polymer 1 relative
to that of mPEG,s confirmed a controlled polymerization to
afford a block polymer structure having an increased hydro-
dynamic diameter and a monomodal molar mass distribution
with low dispersity (P = 1.08) (Fig. 2a). The block length ratio
between PEG, PGC(EPC) and PGC(EC) of the block terpolymer
3 was determined by "H NMR spectroscopy to be 45:37:56 by
comparing the integration of the methylene protons resonat-
ing at 3.63 ppm from the macroinitiator PEG with the inte-
grations of the proton resonances at 3.40 ppm from methoxy
groups and at 2.58 ppm from the terminal alkynes in the PGC
segments (Fig. 2b).

The alkyne-containing polymer 1 was further reacted with
MPA in the presence of photoinitiator 2,2-dimethoxy-2-pheny-
lacetophenone (DMPA) under UV irradiation for 2 h to afford

a
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Fig. 2 (a) SEC trace (THF as eluent, 1 mL min™) and (b) '"H NMR
(500 MHz, CDCls) spectrum of sugar-based triblock terpolymer 1 with
alkyne functional groups.
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the carboxylic acid-functionalized block terpolymer 2
(Scheme S27t). The reaction mixture was transferred to dialysis
tubing and dialyzed against nanopure water at room tempera-
ture for 3 d to remove excess thiol and solvent residues, fol-
lowed by lyophilization. The polymer was re-dissolved in THF
and precipitated into diethyl ether to remove DMPA residues,
then dried under vacuum to yield block terpolymer 2 as a
white powder. The disappearance of the proton resonance at
2.58 ppm in the "H NMR spectrum, as shown in Fig. S2b,}
demonstrated the successful consumption of the terminal
alkynyl groups during the post-polymerization modification
via thiol-yne click chemistry. Fourier transform infrared
(FT-IR) spectroscopy further supported that this reaction had
occurred together with the introduction of carboxylic acid
groups by the appearance of a broad O-H stretching band
from 3700 to 3000 cm™" coincident with the disappearance of
a sharper alkynyl C-H stretch at 3300 cm™" (Fig. S2at).

The DOPA-functionalized block terpolymer 3 was obtained
by amidation of the carboxylic acids on 2 with dopamine, as
shown in Scheme 1 and Scheme $3.1 ®® Polymer 2 and dopa-
mine hydrochloride were allowed to undergo reaction at 0 °C
in the presence of 1-ethyl-3-(3-dimethylaminopropyl)-1-ethyl-
carbodiimide hydrochloride (EDC hydrochloride) and triethyl
amine in anhydrous DMF. The reaction vessel was under con-
tinuous nitrogen flow and wrapped with aluminium foil to
avoid potential side reactions, e.g. polymerization of dopa-
mine. FT-IR spectroscopy showed a shift of a portion of the
C=O0 stretch intensity from 1750 cm ™" to 1660 cm ™' upon ami-
dation, corresponding to transformation of the carboxylic
acids to amides with retention of the carbonate carbonyl
groups (Fig. S3at). The appearance of resonances from the
dopamine aromatic protons between 6.25-6.75 ppm in the "H
NMR spectrum (Fig. S3b¥), indicated ca. 50% functionalization
of the carboxylic acids of the polymer backbone by dopamine
moieties. Taken together, these results demonstrated the suc-
cessful synthesis of the sugar-based amphiphilic triblock ter-
polymer 3, having the complex compositional profile illus-
trated in Scheme 1.

Co-assembly of MIONs and sugar-based polymeric scaffolds

The co-assembly of MIONs and 3 was performed through a
solvent exchange process, modified from previous reports
(Fig. 3a).*°® The block lengths of the PEG and PGC-based
blocks were tuned to balance the dispersion in water and inter-
actions of dopamine with MIONs. MIONs and 3 were first dis-
persed in THF and DMF, respectively, to form homogeneously-
distributed solutions. The two solutions were thoroughly
mixed at a volume ratio of 1:1 by vortex and sonication to
afford a clear brown mixture. Afterwards, nanopure water (2x
relative to organic solution volume) was added dropwise via a
syringe pump, followed by a rapid addition of another 2x
nanopure water, where the water served as a selective poor
solvent for both the hydrophobic PGC(EC) block and the
MIONSs, inducing the formation of micelles with capture of the
nanoparticles. This technique was hypothesized to first allow
quasi-equilibrium assembly through slow addition, and then

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Schematic representation of the construction of nanocomposites 4. (b) TEM of 4 was drop-casted from an aqueous dispersion (without
stain); the scale bars in TEM images are 500, 300 and 200 nm. The average diameter was measured by counting >50 particles. (c) Intensity-,
volume-, and number-average DLS histograms of 4 dispersed in aqueous solution (ca. 1 mg mL™), and the inset photo shows the top view of nano-
composites 4 collected on a vial wall by application of an external magnet.

67,68 Excess

kinetically trap the morphology via rapid addition.
organic solvent was then removed by dialysis against nanopure
water for 24 h. Finally, the magnetic nanocomposite solution
was lyophilized to yield a brown powder. TEM analysis showed
that each globular polymeric micelle had encapsulated mul-
tiple MIONs with a D,, of 160 + 40 nm, after measuring >50
nanoparticles (Fig. 3b). Dark-field scanning transmission elec-
tron microscopy (STEM) and elemental mapping measure-
ments were performed on the MION-loaded nanocomposites
using an energy-dispersive X-ray spectroscopy (EDS) detector
showing the co-localization of iron oxide and nanocomposites,
according to the iron (Fe) intensity profile and dark field
STEM images, respectively, which further demonstrated that
MIONS were loaded into the polymeric matrix (Fig. S5a-d¥). In
addition, thermogravimetric analysis (TGA) of MIONs and 3
under nitrogen atmosphere showed less than 30% and more
than 90% mass loss for MIONs and polymeric scaffold upon
heating to 500 °C, respectively, whereas the nanocomposites
were found to retain 20% of mass, suggesting ca. 20%
thermally stable inorganic components were contained inside
the nanocomposites (Fig. S5ef). Narrowly dispersed nano-

This journal is © The Royal Society of Chemistry 2020

composites with a number-average hydrodynamic diameter
(Dp(number)) of 140 + 50 nm were also observed by dynamic
light scattering (DLS). The slightly larger dry-state diameter
measured by TEM is expected to be caused by some degree of
deformation upon deposition and drying on the carbon-coated
copper grid for TEM imaging (Fig. 3c). Further support for
reorganization and flattening of the globular nanostructures
on substrates was found by measurement of an average height
of ca. 17.6 + 1.7 nm by atomic force microscopy (AFM)

(Fig. S47).

Quantitative evaluation of crude oil loading capacity and
recyclability of the sugar-based magnetic nanocomposites

Following the full characterization of the sugar-based mag-
netic nanocomposites, their ability to sequester complex oil
pollutants was assessed qualitatively and quantitatively. Crude
oil (density = ca. 0.76 mg mL™") was obtained from the Texas-
Oklahoma Enbridge pipeline and then weathered according to
a previously established procedure.®® As shown in Fig. 4a,
firstly, several drops of crude oil were added to water in order
to mimic the oil sheen on the water surface. Secondly, lyophi-

Polym. Chem.


https://doi.org/10.1039/d0py00029a

Published on 18 February 2020. Downloaded by Texas A & M University on 5/19/2020 12:53:34 AM.

Paper

Fig. 4 Representative photographs of (a) crude oil sheen before and
during addition of nanocomposites 4, (b) the crude oil-loaded nano-
composites 4 attracted by a moving magnet at the bottom of the con-
tainer, and (c) quantitative oil sequestration experiments showing that
the vial containing crude-oil contaminated water before and after oil
sorption by 4 (videos illustrating (a) and (b) are available in the ESI¥).

lized samples of sugar-based magnetic nanocomposites were
applied, which floated on the surface. Within several seconds,
the nanocomposites had uptaken sufficient crude oil to
breakup the oil sheen, as shown in the video of Fig. S7
included in the ESIL.{ Results from experiments that are shown
by the panels of images captured within Fig. 4b and c indi-
cated that the crude oil-loaded nanocomposites were capable
of following the motion of the external magnet remotely (see
also the video of Fig. S8t), eventually being separated from the
water together with the oil pollutants. Quantitative oil seques-
tration experiments were also pursued by deploying the lyophi-
lized nanocomposite powder to crude oil-contaminated water
samples at nanocomposite/crude oil (mg uL™") ratios of 1:5,
1:10, 1:15, 1:20, 1:25, and 1:30 (Fig. 5a, Table S1}). The
nanocomposite-oil-water mixtures were allowed to stand for
ca. 10 h, a time period far in excess of that needed to reach a
visually-apparent steady state of crude oil capture. As the crude
oil was taken up by the magnetic nanocomposites, the oil layer
on the surface of the water diminished while the originally
light brown nanocomposite powder darkened in colour
(Fig. 4a-c and Fig. S71). Quantitative assessments were per-
formed after an external magnet (neodymium magnet, 90 1b
pull) was used to attract the loaded nanocomposites. A rapid
magnetic response was observed - just several seconds were
required to collect the nanocomposites and decant the puri-
fied water into a new vial. The loaded nanocomposites were
then washed twice with diethyl ether to extract the crude oil

Polym. Chem.

View Article Online

Polymer Chemistry

a
Nanocomposites vs. Initial Crude Oil
15 1:10 1:15 1:20 1:25 1:30
¥
‘FW}'*IM%PHW Captured Purified Captured Purified Captured Purified CWJ Purified
water oll ‘water oll water oll water oll water oll water oll
~ - ~ o L N 4 ¥ S
T e, . 8. -
b E
124 ) _ -10®
3 [ Crude Oil Recovered from Diethyl Ether Wash 2
R —m— Ratio of Sequestered Oil to Initial Oil %
22 104 588
= Q Yo
T8 o
5} g— 2
25 8 [
08 Los 2
o5 [ ] e
o8 ¢ @
3 Z 1 S
3
22 Loa =
S E 4 2
= 3.
3 0 =3
o o
Eo ,] F02 5
< £ =
0 003
15 1:10 1:15 1:20 1:25 1:30 Q
Initial Nanocomposite to Oil Ratio (mg:uL)
Cc 20+ . . 20
- [l Nanocomposites Used in Each Cycle
2g 22 sequestered Crude Oil
55 5
o £ 151 L15=3
28 3%
o= a9 o
73 Qe
° 9 §5S
(TN -
© £ 10 108 o
? 8 22
- g " ]
T ®© — 3
o3 ERS
» Z a3
« 5 54 F5<= 5
o «Q
4
P a]
AR
2 E
0 +0

1 2 3
Remediation Cycles

Fig. 5 Quantitative evaluation of crude oil loading capacity and recycl-
ability: (a) photograph of recovered crude oil (left) and purified water
(right) with different nanocomposites-to-crude oil ratios; (b) the amount
of crude oil sequestered by nanocomposites 4 with different initial
nanocomposites-to-crude oil ratios; (c) recycling performance of nano-
composites 4 evaluated by comparing the total amount of crude oil
sequestered, nanocomposites used in each cycle, and crude oil seques-
tered per unit mass of nanocomposites 4.

and the magnet was used to collect the recovered nano-
composites. The resulting crude oil and diethyl ether mixture
was transferred to another pre-weighed clean vial and concen-
trated. The amounts of crude oil pollutants captured by nano-
composites were thereby quantified. Fig. 5b shows that the
crude oil uptake ability of the nanocomposites increased sig-
nificantly from 1:5, 1:10, 1:15, to 1:20 of initial nano-
composite-to-oil ratio, then increased slowly when higher
excesses of crude oil were deployed. Based on the results from
sequestration experiments using 1:20, 1:25 and 1: 30 initial
nanocomposite-to-oil ratios, the sugar-based nanocomposites
were able to recover 8x to 9x their initial dry weight of crude
oil pollutants.

Recyclability of the nanocomposites was assessed by repeat-
ing the oil sequestration experiments for three cycles. The
amount of crude oil used for each cycle was set as 150 pL and
the initial nanocomposite was 15 mg. It was noted that

This journal is © The Royal Society of Chemistry 2020
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60-80 wt% of the nanocomposites were able to be retrieved
each cycle, the loss of which was due to the sacrifice during
deployment and organic solvent washing (Fig. 5¢, Table S27).
It was observed that the loading capacity of the reused nano-
composites maintained at ca. 5 mg mg ', suggesting the
potential of sugar-based magnetic nanocomposites as recycl-
able agents for crude oil sequestration.

Degradation study in organic media, aqueous media, and an
environmental chamber

Due to the fact that some of the nanocomposites may not be
retrieved, it was pivotal to further study their degradation
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Fig. 6 ESI-MS analysis of the degradation products of (a) triblock terpo-
lymer 3 in DMSO-d (5 mg mL™) with addition of D,O (20% vol/vol) and
triethylamine (6 mg mL™?) during incubation with shaking at 37 °C over a
period of 80 days; (b) triblock terpolymer 3 in D,O (5 mg mL™) with
addition of NaOD adjusted to pH 10 during incubation with shaking at
37 °C over a period of 55 days; (c) nanocomposites 4 in H,O (5 mg mL™Y)
with addition of NaOH adjusted to pH 8 in an environmental chamber
(T = 22 °C, RH = 70%) over 100 days. Mass spectra are in negative-ion
mode.
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profile under different environmental conditions. A series of
studies was performed over months in organic solvent, water,
and an environmental chamber to simulate the degradation
process of the nanocomposites in crude oil, aqueous media,
and climatic conditions (Fig. 6 and S67).

The degradation of 3 was investigated using 'H NMR spec-
troscopy following incubation at 37 °C under basic conditions
in D,O and DMSO-d,. A pristine polymer sample was dissolved
into D,0 and DMSO-d; (5 mg mL™") containing NaOD and tri-
ethylamine, respectively. In both conditions, sharp peaks
appeared and accumulated over time, as shown in Fig. S6,f
suggesting the generation of oligomers and small molecules
from the original polymer backbone. The degradation pro-
ducts were analysed by electrospray ionisation mass spec-
trometry (ESI-MS), as shown in Fig. 6a and b. Additionally,
environmental chamber testing was conducted to expose nano-
composites 4 to the climatic conditions that simulate the
temperature and humidity of the Texas Gulf Coast, with an
average annual temperature of 22 °C and an average annual
relative humidity (RH) of 70%.”® After retrieval of the loaded
nanocomposites, the mixture of unrecovered crude oil and
remaining nanocomposites in water was analysed by ESI-MS
(Fig. 6¢). The ESI-MS analysis shown in Fig. 6a-c suggested
that the sugar-based polymer degraded into moieties with
smaller molar masses, and the possible degradation products
were presumed based on cleavage of labile carbonate back-
bone and carbonate, ester and amide side chain linkages in
the presence of aqueous NaOH, as well as oxidation of
thioethers into sulfoxides and sulfones during this long period
7L72 The final degradation products and corres-
ponding mechanism are under further investigation.

of degradation.

Conclusions

With an urgent need to develop sustainable and environmen-
tally-friendly materials to tackle the threat of crude oil pol-
lution, magnetically-responsive nanocomposites derived from
sugar were designed and studied. By merging polymer
materials and nanotechnology, this composite material served
as nano-sized carriers for pollutant absorption. It was observed
that these sugar-based magnetic nanocomposites act as a dis-
persible agent to effectively absorb crude oil nearly ten-fold
their initial dry weight. Besides, the nanocomposites are able
to carry versatile functionalities by virtue of the scalable and
translatable chemical synthetic approach, enabling their utiliz-
ation in the clean-up of other polluted resources. For example,
fracking produced water has long been facing a major disposal
challenge, given their large volumes as well as high levels of
salinity, toxic metals, and radioactivity.”> Upon modification
with chelating agents, such as ethylenediaminetetraacetic
acid, the nanocomposites hold promise for this problem.
Furthermore, the pollutant-loaded composite materials can be
remotely controlled and reused for multiple cycles, thereby,
increasing their resource efficiency and lowering their energy
and economic costs. Moreover, their degradability allows these
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nanocomposites to eventually break down into their natural
building blocks and derivative small molecules, alleviating the
production and persistence of microplastics. Therefore, the
design of this material makes a significant contribution not
only in pollution control and resource recovery, but also in
developing a roadmap from our existing linear economy,
towards a more sustainable and resource-efficient circular plas-
tics economy.
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