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ABSTRACT: Biomasses have undergone natural closed-ring
cycles for billions of years, including biodegradation, soil . SPMsp
fertilization, and transformation to new biomass through ' 5
neutralizing plants. If a bioplastic is made biomass-like, its >
natural closed-ring cycle would be very promising in tackling v
the white pollution and microplastics problems associated with -
Bio-
degradation )

o

petroleum plastics. Herein we report a proof-of-concept
strategy employing plastics—fertilizer homology toward this
goal. Biomass-like supramolecular plastics were fabricated
through solid-phase molecular self-assembly of alginate and
alkylammonium surfactants, followed by calcium coordination.
The resultant plastics display satisfactory dry and wet
mechanical strength, comparable to that of conventional
petroleum plastics, while being fully biodegradable. The biodegradation products were able to increase pak choi’s wet/dry
weights by 40% and 12%, respectively, promoting both soil fertility and water retention. This natural closed-ring cycle is very
similar to real biomass processes, verifying the plastics—fertilizer homology as a promising solution to white pollution and
microplastics crises.
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hite pollution from plastics has triggered global
Wconcern about the environment.' > Biodegradable

plastics had been proposed as efficient alternatives to
tackle this problem.°”"* However, so far most biodegradable
plastics have a risk of incomplete biodegradation, which may
lead to an even more serious ecological problem with
microplastics. To date, microplastics have been reported to
delay plant growth, trigger gene mutation, and potentially be
cancerous.*™*® Under this background, the development of
biodegradable plastics seems illusive. Instead, researchers’
efforts are switching to closed-ring cycles'’ ™' and catalyzed
degradation®~** of plastics.

As petroleum products, plastics are long-chain polymers with
low polarity, which makes it very difficult for them to adsorb
water and interact with microorganisms, resulting in their
accumulation in the environment.”*® In contrast, the natural
polymeric biomass, including proteins, polysaccharides, poly-
phenols, which are all polar, can be completely degraded by
microorganisms into water, carbon dioxide, and other nutrient
materials that are advantageous to soil.”” ~>” The biodegradation
of biomass would promote soil fertility, which would enhance
the growth of plants, achieving a natural closed-ring cycle. With
thousands of years of such natural closed-ring cycles, Nature is
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able to develop sustainably. We therefore propose that if a
plastics—fertilizer homology can be achieved, the natural closed-
ring cycle of plastics would benefit soil fertility and plant growth,
so that plastic pollution could be removed in a sustainable way.

To this end, herein we report a case of supramolecular plastics
made from a biopolysaccharide and a small amphiphilic
molecule. The biopolysaccharide sodium alginate (SA) is a
well-known biostimulus to promote plant root and leaf growth in
agriculture.’>”' In order to make it into plastics, SA was
employed for molecular self-assembly with the cationic
surfactant dodecyl trimethylammonium bromide (DTAB)
through mechanical pressing of their precipitates, which was
termed as solid-phase molecular self-assembly (SPMSA).**~¢
Compared with the conventional strategy of casting films, which
requires slow evaporation of the solvent, the mechanical
pressure in SPMSA facilitates quick film formation with much
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Scheme 1. Fabrication of Biomass-like SA-DTAB-Ca Supramolecular Plastics and Their Natural Closed-Ring Cycle Enabled by
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Figure 1. Structure and properties of the SA-DTAB film. (a) Optical photograph of the prepared SA-DTAB film. (b) Polarized optical
microscopy images of the SA-DTAB film at different angles. (c) 2D-MAXS patterns and a one-dimensional integration of the SA-DTAB film. (d)
Strain—stress curves of the SA-DTAB film under different humidity environments. RH 10 and RH 100 refer to the environment’s relative

humidity of 10% and 100%, respectively.

better molecular arrangement, which has been well-established
in our previous work. Considering that the charged polar groups
in SPMSA would absorb water in high humidity and lose water
in low humidity, causing poor mechanical strength in water and
dry brittleness of the resultant supramolecular plastics,
respectively, we further immersed the SA-DTAB film into
solutions containing Ca®>" to cross-link the SA chains via
coordination interaction. Surprisingly, this caused replacement
0f90% of the DTAB with Ca?*, and the resultant supramolecular
plastics became mechanically robust in water but remained
flexible even in dry environments. In this way, the final plastic
displays ideal wet and dry resistance, similar to that of
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conventional polyethylene and polypropylene plastics, but can
be biodegraded in a natural environment within 90 days and can
promote the growth of plants, indicating the promising
possibility of plastics—fertilizer homology.

Scheme 1 demonstrates the process of SPMSA of SA and
DTAB. Their aqueous solution was mixed at a charge-balancing
ratio to get an amorphous precipitate. Then the precipitate was
collected and subjected to a household noodle machine
(Supplementary Figure la) to generate a birefringent trans-
parent supramolecular film (Figure lab and Supplementary
Figure 1b). The thickness of the resulting SA-DTAB film can be
easily adjusted between 10 and 1000 ym by controlling the
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Figure 2. Structure and mechanical properties of the SA-DTAB-Ca film. (a) Optical photograph of the prepared SA-DTAB-Caly, .y plastics. (b)
Birefringence of the SA-DTAB-Calj .. film observed between two vertically aligned polarizers. (c) Tensile stress—strain curves of the SA-
DTAB films immersed in CaCl, solutions of different concentrations for 5 h at 25% RH and room temperature. (d) Comparison of the tensile
strength of the dry SA-DTAB-Cal{ .y film with that of conventional petroleum plastics.
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Figure 3. Spectra and diffraction properties of the SA-DTAB-Cal{, .y film and its mechanical strength in a humid environment and in water. (a)
ATR-IR spectra of the SA-DTAB and SA-DTAB-Ca films. (b) 2D-MAXS patterns and a one-dimensional integration curve of the SA-DTAB-Ca
film. (c) Flexibility of the SA-DTAB-Ca film after drying at 80 °C overnight. (d) Stress—strain curves of SA-DTAB and SA-DTAB- Caloo M
plastics after being exposed to an environment of >90% RH at 25 °C for 7 d. (e) Stress—strain curves of SA-DTAB and SA-DTAB-Cajg) uym

plastics after being immersed in water for different periods. (f) Photograph of the film soaked in water, loaded with a 1 kg weight.

spacing between the noodle pressing rolls. XRD measurements
reveal that the DTAB molecules formed bilayers (Figure 1c),
which are characterized by a distance of 3.36 nm, namely, about
2-fold the chain length of DTAB in the XRD patterns
(Supplementary Figure 2). Elemental analysis reveals that the
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molar ratio of COO™ and DTA units is about 1:1, indicating the
DTAY bilayers are electrostatically connected by the SA chains
(Supplementary Table 1). This primary fresh SA-DTAB film,
with a mechanical strength less than 12 MPa, becomes fragile at
relative humidity (RH) lower than 30%, and the mechanical
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Figure 4. Natural biodegradation of the plastics and the impact on plant growth and soil fertility. (a) Residual weight of the plastics as a function
of time under natural soil. (b) Digital images of the intact plastic after being buried under natural soil for 0, 25, and 50 days. (c) Residual weight
of the plastics as a function of time under soil consisting of potting media and composting microorganisms in a weight ratio of 4:1. (d) Digital
images of the intact plastic and of the plastics after being buried under soil for 0, 7, 14, 21, and 24 days in potting media. (e) Digital images of the
growth of pak choi in the sand without (control group) and with buried film (experimental group; plastic film of same size as the vessel was
buried S cm under the sand surface) for 10, 14, 20, and 30 days. Fresh weight (f) and dry mass (dry weight/fresh weight, g) of pak choi grown in

the sand without (control group) and with buried film (experimental group) for 13, 30, and 45 days. (h) Time-dependent water content of the
sand without (control group) and with buried film (experimental group).

strength decreases to 1.8 MPa at 100% RH (Figure 1d), which is

In order to improve the dry and wet resistance of the primary
not useful for practical applications.

SA-DTAB film, it was immersed in an aqueous solution of CaCl,
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to cross-link the alginate chain through Ca*" coordination with
the COO™ groups, which not only decreases the water-binding
ability of COO™ but also reduces the fraction of moisture-
absorbing DTA™ cations in the film. Figure 2a shows that, after
this treatment, the film remained transparent but with different
birefringence (Figure 2b). Mechanical tests revealed that the
tensile strength reached its maximum upon immersion of the
film in 100 mM CaCl, for § h (Figure 2c and Supplementary
Figure 3). Further increasing the concentration of CaCl, did not
promote the mechanical strength noticeably but did reduce the
strain and decrease the film’s flexibility (Supplementary Figure
4). It is noticed that the tensile strength of the film obtained in
100 mM CaCl, was about 120 MPa, which is much higher than
that of most conventional plastics, as illustrated in Figure 2d.

Elemental analysis studies revealed that, after treatment with
100 mM Ca*, the film was composed of SA-DTA",;-Ca®"y;
(Supplementary Table 1), indicating that 70% of the DTA"
cations were replaced by Ca®*. In line with this, the COO~
symmetric vibrational bands at 1420 cm™" in the ATR-IR spectra
(Figure 3a and Supplementary Figure 5) have doubled,
indicative of the coordination between Ca®* and the COO~
group of SA (Supplementary Figure 6). Meanwhile, the bilayer
diffraction was blurred in XRD (Figure 3b and Supplementary
Figure 7), which corresponds to the vanishing of densely packed
DTA" bilayers. It is noteworthy that the SA-DTA*);-Ca?*y5
plastic displays excellent wet and dry resistance. The film
remains flexible even after being heated to 80 °C overnight to
dry it sufficiently (Figure 3c). On the other hand, it still
possesses a high mechanical strength of 32 MPa after incubation
at a relatively high humidity of 90% for S days (Figure 3d). This
mechanical strength is comparable to that of most petroleum
plastics for daily use (Figure 2d and Supplementary Figure
8).%”% Figure 3e shows that the 10 cm X 10 cm X 0.1 mm SA-
DTAB-Caj}y sy film, even after being immersed in water for S
days, still retains a high mechanical strength of about 14 MPa,
which can withstand a 1 kg load (Figure 3f). In contrast, both the
SA-Ca and SA-DTAB films were broken under this condition
(Supplementary Figure 9b).

Conventional petroleum plastics are virtually nondegradable
in the natural environment because the long chains with low
polarity are difficult to be solvated and interact with micro-
organisms in nature.>”*” In contrast, the polar SA chains, DTA"
cations, and Ca®* ions endow the film with excellent
biodegradation ability. As shown in Figure 4a, the mass of the
SA-DTAB-Cal}y .y plastic decreases continuously with increas-
ing time when the plastic is buried in natural soil. The
photograph in Figure 4b shows that the plastic starts to become
yellow within 25 days and is broken within S0 days. After 90
days, the broken film can hardly be collected to measure. If the
film is subjected to standard soil organism conditions, it takes
only 25 days to degrade completely (Figure 4c,d).

Excitingly, the biodegraded SA-DTAB-Caj} . film can
enhance soil fertility. The pak choi grown in sand with the buried
SA-DTAB-Cajjy y film were greener and larger (Figure 4e
right) than those grown without the film (Figure 4e left).
Quantitative measurements revealed that, after 45 days of
growth, both the fresh and dry weights of the pak choi grown in
sand with the buried film were 12% higher than those of plants
grown without the film (Figure 4f,g). It is noticed that at the
30th day, the fresh weight of the pak choi grown in sand with the
film was 40% higher than that grown without the film, indicating
that the natural degradation of the SA-DTAB-Ca film generated
useful fertilizer for plant growth. It is also noticed that the sand
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with the film buried also showed over 30% higher water
retention capacity than the sand without film (Figure 4h) in the
initial 4 days and over 100% higher water retention in the
following fifth to seventh days. These data unambiguously
manifest that the SA-DTAB-Ca film promotes plant growth both
by enhancing the soil’s water retention ability and by increasing
the content of fertilizing materials. Since SA is a well-known
tertilizer, DTAB is a detergent that can be biodegraded into NH;
and CO,, and Ca*" is bioabsorbable, and this plastic would have
no risk of long-term harm to soil.

In summary, we show that the strategy of plastics—fertilizer
homology is indeed possible through rationally designed solid-
phase molecular self-assembly of biopolysaccharides and
surfactants. Since roll-squeezing of the solids has been well-
established in industry, it is possible to achieve industrial-scale
production of the plastics. When alginate and alkylammonium
surfactant were used as the building units followed by calcium
coordination, the resultant plastics displayed excellent wet and
dry resistance, similar to conventional petroleum plastics, but
could be readily degraded in natural soil within 3 months.
Meanwhile, the degraded product shows an excellent ability to
promote plant growth and water retention of soil, just like a real
biomass used to increase the soil fertility. We expect that the
strategy of plastics—fertilizer homology would open up a
paradigm of natural closed-ring cycles of biodegradable plastics,
which is a very promising sustainable choice to tackle the global
white pollution. Our next step will extend this strategy to other
biomass-sourced polymers to optimize both the mechanical
strength and economic cost, making the plastics—fertilizer
homology industrially possible.

B METHODS

Materials. All chemicals were used as received without
further purification. N,N,N-Trimethyl-1-dodecanaminium bro-
mide (DTAB) was purchased from Macklin Corporation.
Sodium alginate (SA) and calcium chloride (CaCl,) were
purchased from Beijing Tong Guang Fine Chemicals Company.
All of the reagents were of AR grade and used as received. The
aqueous solutions were prepared by using 18 M2 Milli-Q water.

Precipitate and Film Formation. To an aqueous solution
of DTAB, an aqueous solution of SA was added, reaching final
concentrations of 25 mM for the carboxylate negative charges of
SA and 25 mM for the ammonium positive charges of DTAB.
White precipitates immediately formed after the solutions were
mixed, and they were separated from the suspensions by
centrifugation with a speed of 5000 rpm. The collected
precipitates were then subjected to a pressure imposed by finger
pressing, noodle machine manufacturing, or bottle rolling in an
ambient environment to get transparent plastic films.

The household noodle machine used was a Baijie Noodle
Machine. It is an all-stainless manual household machine for
making noodles. For pressing the films, the surfaces of the
noodle machine, fingers, and bottles must be washed with
deionized water and wiped with a sheet of KIMTECH wipe. A
thin sheet of Teflon or a slide was used to separate the precipitate
from the finger, bottle, or the surfaces of the noodle machine
during pressing. The SA-DTAB-Ca film was fabricated by
immersing the SA-DTAB film in CaCl, solutions with different
concentrations.

Characterization. The weight ratios of C, N, and H were
collected from an EL elemental analyzer (Elementar Analy-
sensysteme GmbH). The weight ratios of Ca® were measured
by inductively coupled plasma optical emission spectrometry
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(ICP-OES). X-ray diffraction (XRD) measurements were
performed using a Rigaku Dmax-2400 diffractometer with Cu
Ka radiation. The solid samples were placed on clean glass slides
for small-angle range tests. The lamellar period d in each sample
was calculated using Bragg’s law, where d = /2 sin 6. The
photographs of birefringence were captured by using an
LV100N polarizing microscope (Nikon Co.) in an ambient
environment at room temperature. Samples were photographed
with 6 ranging from 0° to 360°, where 6 is the angle between the
analyzer and the alignment direction of the sample. Fourier
transform infrared (FT-IR) spectra were obtained by using a
Nicolet Magna-IR 750 spectrophotometer (Thermo Scientific
Co.). The method used for SMART iTR was attenuated total
reflectance (ATR) with a scanning speed of 2 cm™". The film and
the powder samples were prepared by placing them on clean
quartz plates. The UV—vis spectra were recorded on a Shimadzu
UV3600plus spectrophotometer equipped with an integrating
sphere. Thermogravimetric analysis (TGA) was carried out
under a nitrogen flow on a TA Instruments SDT Q600
instrument at a heating rate of 5 °C/min. Middle-angle X-ray
scattering (MAXS) measurements were performed using a
Ganesha small-angle X-ray scattering system from SAXSLAB
Company with Cu Ka radiation. The scattering vector q (q =
47z sin 0/A, where € and 1 denote the scattering angle and
wavelength of the incident X-ray beam, respectively) and
position of the incident X-ray beam on the detector were
calibrated using several orders of layer reflections from silver
behenate (d = 58.38 A). X-ray photoelectron spectroscopy
(XPS) measurements were performed on an AXIS Supra
instrument (Kratos Analytical Ltd.) with an X-ray source of Al
Ka radiation. The mechanical properties of the plastic films were
tested by using a WDW3020 electronic universal testing
machine at room temperature. Stress—strain data were collected
at a strain rate of S mm/min. The thicknesses of the films ranged
from 20 to 2500 gm. All mechanical tests were conducted on
dumbbell-shaped samples.

Soil Fertility Test. To evaluate the ability of the film to
promote soil fertility, control experiments with and without the
film in sand for plant growth were conducted. Two groups of fine
sand with the same weight were put into the same 20 cm X 20 cm
X 50 cm plastic basin. The 20 cm X 50 cm plastic was buried in
one basin 10 cm below the sand surface. Then 100 cabbage seeds
were planted in both basins, watering with 1 L of water for each
basin. Three days later, 200 mL of water was sprayed on the sand
surfaces of the two groups. Then the two groups of cabbage
plants were watered every 3 days with equal amounts of water.
From the first week, the same number of cabbage plants (at least
five) were removed from each group to measure their weight for
comparison, both wet and dried at 80 °C in an oven for 24 h.
Three parallel experiments were conducted to ensure the data
quality.

Biodegradation. To evaluate the biodegradability, thin
films of SA-DTAB-Ca were buried in soil at a depth of 10 cm.
The film samples were monitored at a certain time to assess the
biodegradation degrees. For the natural biodegradation experi-
ment of SA-DTAB-Ca films, used natural soil was taken from the
garden soil of the surrounding residential district in summer
(~30 °C, Beijing, 116°20’E, 39°56'N). The obtained soil was
used directly without further processing. For the simulated
composting biodegradation experiment, the used soil media
consisted of the above-mentioned natural soil and commercial
microbial powder, uniformly mixed at a dry weight ratio of 4:1.
The microbial powder was purchased from WOBAO Bio-
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technology Company, mainly composed of microorganisms
such as bacillus, yeast, photosynthetic bacteria, lactic acid
bacteria, etc.
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