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Agro-based polymers are found in nature and comprise a broad range of polymeric
substances with different chemical structures and properties. These polymers tend
to be biodegradable, sustainable, readily available, and mostly inexpensive. As a
result, they have attracted increasing attention from researchers in recent years.
As part of our work on the utilization of agricultural materials, we have modified
several of these biopolymers with hydrophobic moieties. In this work, a review is
given of selected hydrophobically modified biopolymers, based on the work done
at USDA Agricultural Research Service. The biopolymers covered include starch,
cellulose, carboxymethyl cellulose, xylan, cashew gum, and zein. Most of these
polymers are hydrophilic, and the addition of the hydrophobe imparts additional
properties that may extend the utility of these polymers for different applications.

Introduction

Hydrophobically modified polymers represent a distinct family of polymeric additives that can
impart useful rheological, interfacial, or surfactant-like behavior to aqueous polymer formulations
and dispersions (1, 2). In general, they contain a water-soluble polymer grafted with hydrophobic
side chains or terminal groups. The hydrophobic groups can self-associate in water, leading to a shear-
thinning rheological behavior, which is valuable in paint, personal care, enhanced oil recovery, and
other applications. Several of these polymers have been commercialized, including hydrophobically
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modified hydroxyethyl cellulose (HMHEC) (3, 4), hydrophobically modified ethoxylated urethanes
(HEUR) (5, 6), and hydrophobically modified alkali swellable emulsions (HASE) (7–9).

Biobased polymers (or biopolymers), e.g., polysaccharides and proteins, have recently received
a lot of attention from people engaged in research and product development because they are
frequently agriculturally based, sustainable, biodegradable, non-toxic, and environmentally friendly.
Their use as replacements for synthetic polymers and plastics is especially attractive in view of the
increasing public awareness of plastic waste (10, 11) and microplastics (12–14) and the fluctuating
prices of petroleum and natural gas. Polysaccharides, in particular, have often been subjected to many
chemical modification reactions, and quite a few hydrophobically modified polysaccharides have
been reported (3, 4, 15, 16). Rheological properties have often been studied (17, 18).

Prior to their current affiliation with USDA, some of the present authors have been involved
with earlier research done on hydrophobically modified polymers; these earlier studies have been
reviewed in prior volumes of the ACS Symposium Series (19, 20) and elsewhere (21). For example,
hydroxyethyl cellulose (HEC) was grafted with polycaprolactone through lipase-catalyzed ring-
opening polymerization (22). Another approach involved the lipase-catalyzed reaction of vinyl
stearate with polysaccharide, which grafted the stearate ester onto the polysaccharide with
acetaldehyde as a byproduct; this approach was used for HEC (19) and cationic guar (20, 23).
Another approach entailed the reaction of a polysaccharide with an alkyl ketene dimer via heat
or enzyme catalysis; this reaction was applied to HEC (24), cationic guar (24), and starch (25).
Other approaches included the syntheses of hydrophobically modified poly(ethylene glycol) (26)
and poly(aminoamides) (27).

At USDA Agricultural Research Service (ARS), one of the thrusts of research and development
involves the utilization of agro-based materials, particularly biopolymers, in order to expand their
applications and upgrade their value. Working with collaborators, the present authors have modified
several of these biopolymers with hydrophobic moieties. In this article, we have reviewed selected
hydrophobically modified biopolymers, based on the work done at USDA-ARS. In the past,
hydrophobically modified polymers are often used to produce associative thickeners, emulsifiers, and
materials with surfactant-like properties. Likewise, our hydrophobically modified biopolymers show
many of these same properties and may be considered useful additions to this family of polymeric
additives.

Starch Derivatives

Among all biobased materials, starch is one of the most commonly studied. An easy way to
produce a hydrophobic starch is to acetylate it. This is done commercially through the reaction of
an aqueous suspension of starch granules with acetic anhydride and sodium hydroxide (28, 29). At
USDA, microwave has been employed (30) together with high temperature and pressure to speed up
the acetylation of corn starch up to a degree of substitution (DS) of 0.1–1.5. The procedure involved
heating in a sealed microwave reactor a mixture of corn starch, acetic acid and acetic anhydride.
Reaction conditions included 150–160 °C temperature, 4–7 min time, and >90% reaction
efficiency. A product with DS 0.4-0.9 obtained at 160 °C was over 90% water-soluble at ambient
temperature, with 70% of the acetate found at the C6 position of the anhydroglucose. Acetylation at
120 °C produced products (DS 0.2–0.3) that were water insoluble but highly swellable.

Another major development was a solvent-free process for the preparation of acetates of
polysaccharides with the use of iodine as a catalyst (Figure 1) (31, 32). The method is simple, rapid,
and characterized by a high conversion ratio. A variation was the combination of microwave heating
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and iodine-catalyzed acetylation of starch via acetic anhydride (33). After only 2 min at 100°C with
a low level of iodine (0.16-2.5 mol%, relative to starch), significant amounts of acetylation occurred.
The DS increased as iodine/starch and acetic anhydride/starch ratios increased. However, molecular
weights decreased as iodine levels increased.

Figure 1. Acetylation of starch via the use of iodine and acetic anhydride; no solvent was needed. AcO refers
to acetoxy.

A further improvement was found that used metal chlorides instead of iodine as catalyst for
acetylation of starch (34). Aluminum chloride, ferric chloride, zinc chloride, antimony chloride, tin
chloride, cupric chloride, nickel chloride and cobalt chloride were attempted as catalysts at different
temperatures (40-110°C), reaction time and acetic anhydride level. Iodine was also included for
comparison. All the metal chlorides studied were found to be active as catalysts for the acetylation
of starch. However, each metal chloride had a somewhat different reactivity with a different optimal
temperature needed for the satisfactory reaction to take place. The molecular weight of the starch
acetate products was reduced during the reaction. The reactivity trends among the metal halides
seemed to correlate both with the ease of complexation between the halide and the substrate and with
the acidity of the metal chloride.

The addition of the longer chain (and more hydrophobic) stearate to maltodextrin with DS of
0.07–2.40 was achieved by heating maltodextrin and vinyl stearate in the ionic liquid 1-butyl 3-
methylimidazolium dicyanamide at 75°C (35). Stearates of low DS(0.07) were insoluble in water
but formed a gel and absorbed over seven times their weight of water. Maltodextrin stearates of
DS 0.6 showed intense birefringence resembling starch granules in DMSO while cholesteric liquid
crystalline behavior was observed in toluene (reflected blue light). Blue light reflection disappeared
on heating to >60–80°C then reformed on cooling. Stearates with high DS (2.4) were soluble in
chloroform or toluene and had a high degree of swelling in hydrocarbons such as hexane. Films cast
from maltodextrin stearates had contact angles of 84–93°, indicating a very hydrophobic surface.
These starch stearates seemed interesting and may find potential applications as water absorbents,
hydrocarbon/oil absorbents, water resistant coatings, and liquid crystalline materials.

Cellulosic Derivatives

Although cellulose has many hydroxy groups in its chemical structure, the cellulose fiber is
insoluble in water because of its crystallinity and its extended network of hydrogen bonds in its
physical structure. However, when cellulose is derivatized with methyl substituents, the resulting
methyl cellulose is water soluble up to 55°C (36, 37). For acetyl substitution, the solubility of the
resulting cellulose acetate depends on the DS; it is soluble in acetone, dioxane and methyl acetate
for DS between 2.0-2.5, and soluble in methylene chloride for DS between 2.5-3.0 (38, 39). For DS
between 0.4-0.9, it is water-soluble (38); this water-soluble cellulose acetate exhibits surface-active
properties (40) and has been evaluated as a film coating (41) and sizing for cotton yarn (42). It has
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been shown earlier that iodine-catalyzed acetylation can be utilized for cellulose acetate synthesis
(31).

If a hydrophilic reagent is used for cellulose substituents, the resulting cellulose derivatives tend
to be water-soluble, e.g., carboxymethyl cellulose (CMC) and hydroxyethyl cellulose (HEC). Several
examples of hydrophobically modified HEC have been mentioned in the Introduction (19, 24). The
addition of an acetate group to CMC can also impart some hydrophobic character to CMC, and a
study that converted agricultural residues to CMC and CMC acetate has been reported earlier (43).

Modifications of Xylan

Xylan is part of the hemicellulose family of biopolymers and serves as a plentiful, eco-friendly
agro-based resource. As xylan is currently underutilized and undervalued, it is helpful to explore
xylan derivatives for product development. A known derivative is xylan acetate, usually made with
acetic anhydride and strong mineral acid (44, 45). Earlier, iodine-catalyzed acetylation reactions (31,
32) were reported for cellulose and starch. Later, Ren et al. (46) combined iodine catalysis together
with ionic liquid solvents to acetylate xylan.

We have extended this approach (47) by looking at the acylation of xylan through the use of
selected Lewis acids; in particular, five metal halides have been studied (FeCl3, ZnCl2, AlCl3, SbCl3,
and SnCl2) and compared to iodine as acylation catalysts. All the metal chlorides were found to be
active catalysts for esterification, but their activities differ, particularly with respect to temperature.
Through the choice of a suitable catalyst and temperature, xylan acetates with different DS values
can be made. It has been noted (48, 49) that xylan acetate has thermoplastic properties, and it can
potentially serve as an eco-friendly and sustainable replacement for petroleum-based plastics in film,
fiber, and laminate applications.

Whereas the acetate substitution inserts a non-hydrophilic moiety to xylan, a higher degree of
hydrophobicity can be achieved through the reaction of xylan with alkyl ketene dimer (AKD) or
alkenyl succinic anhydride (ASA). AKD and ASA are both commercially available sizing agents for
paper applications (50, 51). Each reagent contains an aliphatic long chain together with a reactive
group (ketene dimer or anhydride) (Figure 2).

Figure 2. Structures for AKD and ASA; R1 and R2 are aliphatic chains.

The reactive group can undergo a reaction with a biopolymer to form the hydrophobically
modified biopolymer. The xylan-AKD derivatives have been made (52) at 90°C, using dimethyl
sulfoxide as solvent and 4-dimethylamino-pyridine as promoter. Samples with DS up to 0.006 have
been produced. For the xylan reaction, 2-octenyl succinic anhydride (OSA) was used as the ASA
(with R1 = H, R2 = C5H11). The xylan-OSA derivatives have been synthesized (52) at 120°C
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in dimethyl sulfoxide with DS up to 0.105–0.135. The structures of these products have been
confirmed with NMR and FT-IR spectroscopy. These xylan derivatives increase the structural
diversity of xylan and provide additional options for people seeking to use hydrophobically modified
polysaccharides in their applications.

Modified Cashew Gum

Cashew gum (CG) is obtained from the bark exudate of the cashew tree (Anacardium
occidentale L.). It is a hydrophilic, branched high-molecular-weight polysaccharide comprising
72% β-D-galactopyranose, 14% α-D-glucopyranose, 4.6% α-L-arabinofuranose,
3.2% α-L-rhamnopyranose, and 4.5% β-D-glucuronic acid (53, 54). This biopolymer has been
previously modified with different functional groups (55, 56), but only recently have two
publications reported the attachment of long-chain hydrophobes. For hydrophobic modification
with alkyl ketene dimer (AKD) (57), the reaction was conducted at 90 °C, using dimethyl sulfoxide
as solvent and 4-dimethylaminopyridine as a promoter (Figure 3). Samples with DS up to 0.016 were
made; the higher DS samples tended to be insoluble. This was due to the large hydrophobe on AKD;
similar results were found earlier for AKD-starch derivatives (25).

Figure 3. Reaction of cashew gum (CG) with AKD.

CG has also been modified with two types of ASAs (OSA and tetrapropenyl succinic anhydride)
(58). The reaction product for CG-OSA adduct is shown in Figure 4. Reactions were conducted
at 120 °C using dimethyl sulfoxide as a solvent, with conversions better than 88%. Samples with
degrees of substitution (DS) between 0.02 and 0.20 were made.

Figure 4. Reaction of cashew gum (CG) with OSA.

The addition of the hydrophobe decreased the affinity of cashew gum for water absorption.
Hydrophobically modified polysaccharides are often used as polymeric emulsifiers, thickeners, and
compatibilizers; we anticipate that these new hydrophobically modified CGs may be used for the
same applications.

Derivatives of Zein

Zein refers to the alcohol-soluble storage proteins of corn/maize seeds and has been much
studied and used for a variety of industrial and food applications (59, 60). For example, it can be
used as a film for food packaging, where it exhibits high gloss, microbial resistance, and edibility.
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However, zein-cast films tend to be stiff and brittle, and the mechanical strength is reduced as
it absorbs moisture (61). An approach to mitigate this moisture issue was to derivatize zein with
the acetyl group (62). Another approach was to modify zein with OSA (61). This was achieved
in dimethyl formamide in a microwave reactor, where the reaction time was 5 min. The reaction
occurred between the anhydride in OSA and the OH and amine functionalities in zein to form ester
and amide linkages, respectively (Figure 5). The zein and the OSA-modified zein had comparable
mechanical properties.

Figure 5. Reaction of zein with OSA.

An alternative method to reduce water absorption and surface wetting behavior of zein was to
react the surface of zein with OSA and AKD (63). The method entailed applying the zein surface
with a coating of AKD or OSA and baking it at about 100°C. The modified surface exhibited reduced
water absorption and increased contact angle relative to the unmodified zein surface.

Yet another approach to enhancing the hydrophobicity of zein was to modify zein with several
isocyanates and diisocyanates in solution (64). The major reaction pathways were identified with the
help of NMR and FTIR. For all the isocyanates and diisocyanates employed, the surface free energy
of the modified zein was found to decrease, indicating reduced hydrophilicity. The moisture uptake
was also decreased with isocyanate and diisocyanate modifications. Gel electrophoretic patterns
showed that the diisocyanate cross-linked a portion of zein to generate higher molecular weight
species. DSC data showed single glass transition temperatures in all cases, indicating that
homogeneous blends were formed during the reaction. The mechanical properties of modified zein
were either similar to unmodified zein or reduced in some cases.

Conclusions

It is clear from this review that hydrophobic modifications of biopolymers represent an
important and useful opportunity for innovation and product development. A summary of the
reactions is given in Table 1. A number of biopolymers have been studied as substrates for the
hydrophobic reaction, including polysaccharides (starch, cellulose, xylan, cashew gum),
polysaccharide derivative (CMC), and protein (zein). The hydrophobe varies in size from acetate to
stearate, alkyl esters and amides. Thus, these reactions show quite a range of diversity in substrates,
reagents, and product structures. It may be noted that the substrates are all agro-based and readily
available commercially. The reactions consist of one or two steps and should be relatively inexpensive
to do. Thus, the hydrophobically modified biopolymers should be attractive as economical and
sustainable materials for further commercial development.
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Table 1. Summary of Different Hydrophobic Modification Reactions
approach reagent(s)a substrate product

microwave,
high temp/pressure

Ac2O/HOAc starch acetate

heat (microwave) Ac2O/iodine starch; cellulose. CMC acetate

heat Ac2O; metal Cl starch; xylan acetate

heat vinyl stearate starch stearate

heat AKD/DMP xylan; cashew gum alkyl β-keto ester

heat (microwave) ASA xylan; cashew gum; zein alkyl ester

heat isocyanate;
diisocyanate

zein alkyl ester/amide

a HOAC = acetic acid. DMP = 4-dimethylamino-pyridine.

Acknowledgments

The authors thank their colleagues over the years for the fruitful collaborations, particularly
Michael Appell, Qu-Ming Gu, Sanghoon Kim, Lei Qiao, Gordon Selling, David Sessa, Randy
Shogren, and J. L. Willett. They also gratefully acknowledge helpful discussions and encouragements
from K. Thomas Klasson and Veera Boddu. This work was supported by the U.S. Department
of Agriculture, Agricultural Research Service. Mention of trade names or commercial products is
solely for the purpose of providing specific information and does not imply recommendation or
endorsement by USDA. USDA is an equal opportunity provider and employer.

References

1. Associative Polymers in Aqueous Media; Glass, J. E., Ed.; ACS Symposium Series 765; American
Chemical Society: Washington, DC, 2000.

2. Winnik, M. A.; Yekta, A. Associative polymers in aqueous solution. Curr. Opin. Colloid Interface
Sci. 1997, 2, 424–436.

3. Landoll, L. M. Nonionic polymer surfactants. J. Polym. Sci., Polym. Chem. Ed. 1982, 20, 443.
4. Tanaka, R.; Meadows, J.; Williams, P. A.; Phillips, G. O. Interaction of hydrophobically

modified hydroxyethyl cellulose with various added surfactants. Macromolecules 1992, 25,
1304–1310.

5. Emmons, W. D.; Stevens, T. E. U.S. Patent 4,079,028, March 14, 1978.
6. Glass, J. E. Influence of water-soluble polymers on rheology of pigmented latex coatings. Adv.

Chem. Ser. 1986, 213, 391–416.
7. Shay, G. D.; Eldridge, E.; Kail, E. U.S. Patent 4,514,552, April 30, 1985.
8. Shay, G. D.; Kravitz, F. K.; Brizgys, P. V.; Kersten, M. A. U.S. Patent 4,801,671, January 31,

1989.
9. Shay, G. D.; Kravitz, F. K.; Brizgys, P. V. Effects of process variables on the emulsion and

solution properties of hydrophobically modified alkali-swellable emulsion thickeners. ACS
Symp. Ser. 1991, 462, 121–141.

255
 Cheng and Gross; Sustainable Green Chemistry in Polymer Research. Volume 1. Biocatalysis and Biobased Materials 

ACS Symposium Series; American Chemical Society: Washington, DC, 0. 



10. Zhang, F.; Zhao, Y.; Wang, D.; Yan, M.; Zhang, J.; Zhang, P.; Ding, T.; Chen, L.; Chen, C.
Current technologies for plastic waste treatment: A review. J. Cleaner Prod. 2021, 282, 124523.

11. Thiounn, T.; Smith, R. C. Advances and approaches for chemical recycling of plastic waste. J.
Polym. Sci. 2020, 58, 1347–1364.

12. Ahmed, R.; Hamid, A. K.; Krebsbach, S. A.; He, J.; Wang, D. Critical review of microplastics
removal from the environment. Chemosphere 2022, 293, 133557.

13. Nabi, I.; Bacha, A.; Zhang, L. A review on microplastics separation techniques from
environmental media. J. Cleaner Prod. 2022, 337, 130458.

14. Wang, X.; Bolan, N.; Tsang, D. C. W.; Sarkar, B.; Bradney, L.; Li, Y. A review of microplastics
aggregation in aquatic environment: Influence factors, analytical methods, and environmental
implications. J. Hazard. Mater. 2021, 402, 123496.

15. Cunha, A. G.; Gandini, A. Turning polysaccharides into hydrophobic materials: a critical
review. Part 1. Cellulose. Cellulose 2010, 17, 875–889.

16. Cunha, A. G.; Gandini, A. Turning polysaccharides into hydrophobic materials: a critical
review. Part 2. Hemicelluloses, chitin/chitosan, starch, pectin and alginates. Cellulose 2010, 17,
1045–1065.

17. Miller, D.; Löffler, M. Rheological effects with a hydrophobically modified polymer. Colloid
Surf., A 2006, 288, 165–169.

18. Henni, W.; Deyme, M.; Stchakovsky, M.; LeCerf, D.; Picton, L.; Rosilio, V. Aggregation of
hydrophobically modified polysaccharides in solution and at the air–water interface. J. Colloid
Interf. Sci. 2005, 281, 316–24.

19. Cheng, H. N.; Gu, Q.-M. Enzyme-Catalyzed Reactions of Polysaccharides. ACS Symp. Ser.
2003, 840, 203–216.

20. Gu, Q.-M.; Cheng, H. N. Enzyme-Catalyzed Condensation Reactions for Polymer
Modifications. ACS Symp. Ser. 2005, 900, 427–436.

21. Cheng, H. N.; Gu, Q.-M. Enzyme-Catalyzed Modifications of Polysaccharides and
Poly(ethylene Glycol). Polymers 2012, 4, 1311–1330.

22. Li, J.; Xie, W.; Cheng, H. N.; Nickol, R. G.; Wang, P. G. Polycaprolactone-Modified
Hydroxyethylcellulose Films Prepared by Lipase-Catalyzed Ring-Opening Polymerization.
Macromolecules 1999, 32, 2789–2792.

23. Gu, Q.-M. Lipase-Catalyzed Grafting Reactions on Polysaccharides. ACS Symp. Ser. 2003,
840, 243–252.

24. Gu, Q.-M.; Cheng, H. N. Enzyme-Catalyzed Esterification of Cellulosics, Guar, and
Polyethers. ACS Polym. Preprints 2005, 46 (1), 30–31.

25. Qiao, L.; Gu, Q.-M.; Cheng, H. N. Enzyme-Catalyzed Synthesis of Hydrophobically Modified
Starch. Carbohydr. Polym. 2006, 66, 135–140.

26. Gu, Q.-M.; Cheng, H. N.; Carey, W. S.; Gelman, R. A.; Rittenhouse Pruss. J. L.; Doherty,
E. A. S. Hydrophobically modified poly[ethylene glycol] for use in pitch and stickies control in
pulp and papermaking processes. US Patent 8,388,806, March 5, 2013.

27. Gu, Q.-M.; Lobo, L. A.; Doherty, E. A. S.; Cheng, H. N. Hydrophobically Modified
Poly(aminoamides). U.S. Patent 8,506,757, August 13, 2013.

256
 Cheng and Gross; Sustainable Green Chemistry in Polymer Research. Volume 1. Biocatalysis and Biobased Materials 

ACS Symposium Series; American Chemical Society: Washington, DC, 0. 



28. Rutenberg, M. W.; Solarek, D. Starch derivatives: Production and uses. In Starch: Chemistry
and Technology, 2nd ed.; Whistler, R. L., Bemiller, J. N., Paschall, E. F., Eds.; Academic Press:
Orlando, FL: 1984; pp 312–388.

29. Jarowenko, W. Acetylated starch and miscellaneous organic esters. In Modified starches:
Properties and uses; Wurzburg, O. B., Ed.; CRC Press: Boca Raton, FL, 1986; pp 64−77.

30. Shogren, R. L.; Biswas, A. Preparation of water-soluble and water-swellable starch acetates
using microwave heating. Carbohydr. Polym. 2006, 64, 16–21.

31. Biswas, A.; Shogren, R. L.; Willett, J. L. Solvent-Free Process to Esterify Polysaccharides.
Biomacromolecules 2005, 6, 1843–1845.

32. Biswas, A.; Shogren, R. L.; Willett, J. L.; Buchanan, C. M.; Cheng, H. N. Iodine-Catalyzed
Esterification of Polysaccharides. Chemistry Today (Chimica Oggi) 2009, 27, 33–35.

33. Biswas, A.; Shogren, R. L.; Selling, G.; Salch, J.; Willett, J. L.; Buchanan, C. M. Rapid and
environmentally friendly preparation of starch esters. Carbohydr. Polym. 2008, 74, 137–141.

34. Biswas, A.; Kim, S.; Furtado, R. F.; Alves, C. R.; Buttrum, M.; Boddu, V.; Cheng, H. N.
Metal chloride-catalyzed acetylation of starch: Synthesis and characterization. Int. J. Polym.
Anal. Charac. 2018, 23, 577–589.

35. Shogren, R. L.; Biswas, A.; Willett, J. L. Preparation and Physical Properties of Maltodextrin
Stearates of Low to High Degree of Substitution. Starch 2010, 62 (7), 333–340.

36. Nasatto, P. L.; Pignon, F.; Silveira, J. L. M.; Duarte, M. E. R.; Noseda, M. D.; Rinaudo,
M. Methylcellulose, a Cellulose Derivative with Original Physical Properties and Extended
Applications. Polymers 2015, 7 (5), 777–803.

37. Biswas, A.; Kim, S.; Selling, G. W; Cheng, H. N. Microwave-Assisted Synthesis of Alkyl
Cellulose in Aqueous Medium. Carbohydr. Polym. 2013, 94, 120–123.

38. Elidrissi, A.; El-barkany, S.; Amhamdi, H.; Maaroufi, A.; Hammouti, B. New approach to
predict the solubility of polymers. Application: Cellulose Acetate at various DS, prepared from
Alfa “Stipa - tenassicima” of Eastern Morocco. J. Mater. Environ. Sci. 2012, 3 (2), 270–285.

39. Pang, J.; Liu, X.; Yang, J.; Lu, F.; Wang, B.; Xu, F.; Ma, M.; Zhang, X. Synthesis of Highly
Polymerized Water-soluble Cellulose Acetate by the Side Reaction in Carboxylate Ionic Liquid
1-ethyl-3-methylimidazolium Acetate. Sci Rep. 2016, 6, 33725.

40. Alfassi, G.; Rein, D. M.; Shpigelman, A.; Cohen, Y. Partially Acetylated Cellulose Dissolved
in Aqueous Solution: Physical Properties and Enzymatic Hydrolysis. Polymers 2019, 11 (11),
1734.

41. Wheatley, T. A. Water Soluble Cellulose Acetate: A Versatile Polymer for Film Coating. Drug
Dev. Ind. Pharmacy 2007, 33 (3), 281–290.

42. Mukherjee, A. K.; Agarwal, R. K.; Chaturvedi, H. K.; Gupta, B. D. Water soluble cellulose
acetate and its application. Indian J. Textile Res. 1981, 6, 120–123.

43. Biswas, A.; Kim, S.; Selling, G. W.; Cheng, H. N. Conversion of Agricultural Residues to
Carboxymethylcellulose and Carboxymethylcellulose Acetate. Ind. Crop Prod. 2014, 60,
259–265.

44. Koschella, A.; Heinze, T.; Liebert, T. Esterification of Polysaccharides; Springer: Berlin and
Heidelberg, Germany, 2006.

45. Hettrich, K.; Fischer, S.; Schoeder, N.; Engelhardt, J.; Drechsler, U.; Loth, F. Derivatization
and characterization of xylan from oat spelts. Macromol. Symp. 2006, 232, 37–48.

257
 Cheng and Gross; Sustainable Green Chemistry in Polymer Research. Volume 1. Biocatalysis and Biobased Materials 

ACS Symposium Series; American Chemical Society: Washington, DC, 0. 



46. Ren, J. L.; Sun, R. C.; Liu, C. F.; Cao, Z. N.; Luo, W. Acetylation of wheat straw hemicellulose
in ionic liquid using iodine as a catalyst. Carbohydr. Polym. 2007, 70, 406–414.

47. Biswas, A.; Cheng, H. N.; Appell, M.; Furtado, R. F.; Bastos, M. S. R.; Alves, C. R. Preparation
of Xylan Esters with the Use of Selected Lewis Acids. ACS Symp. Ser. 2020, 1347, 33–42.

48. Fundador, N. G. V.; Enomoto-Rogers, Y.; Takemura, A.; Iwata, T. Acetylation and
characterization of xylan from hardwood kraft pulp. Carbohydr. Polym. 2012, 87, 170–176.

49. Stepan, A. M. Bioplastics from Biomass - Acetylation of Xylans with Green Chemistry. Ph.D.
Thesis, Chalmers University of Technology, Göteborg, Sweden, 2013. https://core.ac.uk/
download/pdf/70603298.pdf

50. Brander, J.; Thorn, I. Surface Application of Paper Chemicals; Blackie Academic: London, UK,
1997.

51. Reynolds, W. F. The Sizing of Paper, 2nd ed.; TAPPI: Atlanta, GA, USA, 1989.
52. 52. Cheng, H. N.; Biswas, A.; Kim, S.; Alves, C. R.; Furtado, R. F. Synthesis and

Characterization of Hydrophobically Modified Xylans. Polymers 2021, 13, 291.
53. Mothe, C. G.; Oliveira, N. N.; De Freitas, A. S.; Mothé, M. G. Cashew Tree Gum: A Scientific

and Technological Review. Int. J. Environ. Agric. Biotechnol. 2017, 2, 681–688.
54. Kumar, A.; Moin, A.; Shruthi, R.; Ahmed, A.; Shivakumar, H. G. Cashew gum—A versatile

hydrophilic polymer: A review. Curr. Drug Ther. 2012, 7, 2–12.
55. Ribeiro, A. J.; De Souza, F. R. L.; Bezerra, J. M.; Oliveira, C.; Novotny, D.; Soares, M. F. L. R.;

Nunes, L. C. C.; Filho, E. C. D. S.; Veiga, F.; Sobrinho, J. L. S. Gums’ based delivery systems:
Review on cashew gum and its derivatives. Carbohydr. Polym. 2016, 147, 188–200.

56. Melo, A. M. A.; Oliveira, M. R. F.; Furtado, R. F.; Borges, M. D. F.; Biswas, A.; Cheng,
H. N.; Alves, C. R. Preparation and characterization of carboxymethyl cashew gum grafted
with immobilized antibody for potential biosensor application. Carbohydr. Polym. 2019, 228,
115408.

57. Biswas, A.; Kim, S.; Buttrum, M.; Furtado, R. F.; Alves, C. R.; Cheng, H. N. Preparation
of Hydrophobically Modified Cashew Gum through Reaction with Alkyl Ketene Dimer. ACS
Symp. Ser. 2018, 1310, 137–146.

58. Biswas, A.; Cheng, H. N.; Kim, S.; Alves, C. R.; Furtado, R. F. Hydrophobic Modification of
Cashew Gum with Alkenyl Succinic Anhydride. Polymers 2020, 12, 514.

59. Lawton, J. W. Zein: A history of processing and use. Cereal Chem. 2002, 79, 1–18.
60. Gennadios, A., Ed. Protein-Based Films and Coatings; CRC Press: Boca Raton, FL, 2002.

https://doi.org/10.1201/9781420031980
61. Biswas, A.; Sessa, D. J.; Lawton, J. W.; Gordon, S. H.; Willett, J. L. Microwave assisted rapid

modification of zein by octenyl succinic anhydride. Cereal Chem. 2005, 82 (1), 1–3.
62. Veatch, C. Zein acetate. U.S. Patent 2,236,768, 1941.
63. Biswas, A.; Selling, G. W.; Woods, K. K.; Evans, K. O. Surface modification of zein films. Ind.

Crops Prod. 2009, 30, 168–171.
64. Sessa, D. J.; Cheng, H. N.; Kim, S.; Selling, G. W.; Biswas, A. Zein-Based Polymers formed by

Modifications with Isocyanates. Ind. Crops Prod. 2013, 43, 106–113.

258
 Cheng and Gross; Sustainable Green Chemistry in Polymer Research. Volume 1. Biocatalysis and Biobased Materials 

ACS Symposium Series; American Chemical Society: Washington, DC, 0. 

https://core.ac.uk/download/pdf/70603298.pdf
https://core.ac.uk/download/pdf/70603298.pdf
https://doi.org/10.1201/9781420031980

	Sustainable Green Chemistry in Polymer ResearchVolume 1. Biocatalysis and Biobased Materials
	ACS Symposium Series1450
	Sustainable Green Chemistry in Polymer ResearchVolume 1. Biocatalysis and Biobased Materials

	Foreword
	Preface
	The Pursuit for Sustainable Green Chemistry in Polymer Research
	Enzymatic Catalysis

	Enzymatic Catalysis
	Green Polymer Science: Enzyme-Catalyzed Structure Assembly – Mini Review of a Patented Method
	Glucan Phosphorylase-Catalyzed Enzymatic Polymerization to Synthesize Amylose and Its Analogs: An Efficient Approach for Hydrophobization of Hydrophilic Natural Polymers by Enzymatic Modification of Partially 2-Deoxygenated Amyloses
	Sequence-Dependence on Papain-Catalyzed Polymerization of Histidine-Containing Oligopeptide Ester Monomers
	Polymer Recycling Methods

	Polymer Recycling Methods
	Enzymatic Recycling of Polyurethanes
	Improvement of the Thermostability and Activity of the PET-Degrading Enzyme Cut190 toward a Detailed Understanding and Application of the Enzymatic Reaction Mechanism
	Hydrothermal Liquefaction of Polyethylene and Polypropylene: Recent Advances and Future Perspectives
	Biobased Materials and Additives

	Biobased Materials and Additives
	Fatty Acid-Based Polycarbonates Synthesis and Crosslinking through the Malonate Route
	Synthesis and Applications of Fatty Acid Estolides
	Synthetic Routes to Hydrogels and Polysaccharide-Based Block Copolymers
	Superabsorbent Hydrogels Derived from Okara as Soil Supplements for Enhancing Vegetable Growth and Production
	Reductive Catalytic Fractionation of Lignocellulose and Application of Depolymerized Lignins for Synthesis of Biobased Polymeric Materials
	Real-Time Structural Changes of Poly[(R)-3-hydroxybutyrate-co-4-hydroxybutyrate] Biodegradable Elastic Fibers by Using Synchrotron Radiation
	Very Effective, Nontoxic, Inexpensive, Nonmigrating Biobased Oligomeric Hyperbranched Plasticizers for Poly(vinyl chloride) from the Biomonomers, Glycerol and Adipic Acid
	Hydrophobic Modification of Agro-Based Polymers: A Selected Review
	Editors’ Biographies
	Indexes

	Indexes
	Author Index
	Subject Index
	Preface
	1

	The Pursuit for Sustainable Green Chemistry in Polymer Research
	1 Introduction
	2 Sustainability Metrics and Analyses
	3 Enzymatic Catalysis
	4 Polymer Recycling Methods
	5 Biobased Materials and Additives
	6 Novel Polymers and Polymerization Methods
	7 Applications of Sustainable Polymer Chemistry
	8 Nanomaterials and Applications
	9 Conclusions
	Figure 1. Schematic representation of many of the activities related to the design and  production of sustainable green polymers. (Adapted with permission from ref. 70.  Copyright 2018 American Chemical Society).

	Acknowledgments
	References

	Enzymatic Catalysis
	2

	Green Polymer Science: Enzyme-Catalyzed Structure Assembly – Mini Review of a Patented Method
	Introduction
	Figure 1. Structure of the targeted polymeric drug conjugate.

	Background
	Enzyme Catalysis
	Figure 2. Classification of enzymes according to the International Union of Biochemistry and  Molecular Biology.

	Candida antarctica Lipase B (CALB)
	Figure 3. Three-dimensional structure of CALB. The secondary, ternary, and quaternary structure was resolved by X-ray diffraction with a resolution of 2.10 Å. Reproduced with permission from reference 8. Copyright 2015 MDPI.
	Figure 4. Methacrylation of hydroxy-functionalized PIB.

	Enzymatically Catalyzed End-Functionalization of Macromolecules
	Polyisobutylene (PIB) and Poly(dimethyl siloxane) (PDMS)
	Figure 5. Products of CALB-catalyzed PDMS methacrylation.
	Figure 6. Possible outcomes of the methacrylation of hydroxy-functionalized polystyrenes.
	Figure 7. Mass spectra of the product recorded with MALDI-ToF. (a) DVA/TEG = 1.5  (b) DVA/TEG = 3. Reproduced with permission from reference 29. Copyright 2015 RSC Publishing.

	Polystyrene
	Functionalized Polyesters
	Poly(ethylene glycol) (PEG)
	Figure 8. A wide variety of functionalized PEGs can be synthesized by using CALB-catalyzed transesterification.
	Figure 9. The combination of CALB-catalyzed transesterification with other synthetic methods, such as Michael addition, offers numerous new possibilities. An example is the synthesis of PEGs functionalized with amino acids.
	Figure 10. Synthesis of mono- and dithiols from PEG by CALB-catalyzed transesterification of  methyl-3-mercaptopropionate.
	Figure 11. Mass spectra of PEG1000 monothiol recorded with MALDI-ToF. The inset in the bottom-right corner demonstrates the spectral peaks of the 14- to 20-mer fractions. The small distribution represents unreacted PEG. Reproduced with permission from reference 38. Copyright 2019 MDPI.
	Figure 12. MALDI-ToF spectrum of the product. Note that the distance of peaks is very close to the theoretical value (PEG repeating unit = 44 m/z). Reproduced with permission from reference 39. Copyright 2022 eXPRESS Polymer Letters.

	Assembly of Macromolecular Structures – Polymer “Lego”
	Synthesis of the Core
	Michael Addition of FA-SH
	Figure 13. Synthesis of PEG with four acrylate end-groups.
	Figure 14. FA-SH was attached to the core structure by CALB-catalyzed Michael addition.
	Figure 15. The synthesis of FA-SH consists of multiple steps. In the first one, an FA reacts with n-BuLi.
	Figure 16. In the concluding steps of FA-SH synthesis, a dimer of folic acid is created, bound by a disulfide bridge. The disulfide bridge can be broken by reducing agents, which yields the targeted, thiol-functionalized folic acid.

	Michael Addition of DOX
	Figure 17. In the final step of the synthesis of polymer conjugate, DOX is attached covalently to the core structure.

	In Vitro and In Vivo Studies
	Figure 18. Microscopic image of MDA-MB-231 cells. Photo on the left (a) and right (b) were  taken 5 min (a) and 30 min (b) after the beginning of the treatment with FA2-dPEG-DOX2.  Blue: cell nuclei; orange: FA2-dPEG-DOX2. Reproduced with permission from reference 2.  Copyright 2021 MDPI.
	Figure 19. In vivo fluorescent images of nude mice bearing prostate xenograft tumors. Images were taken before (a) and 24 h after (b) the injection in one mouse. An additional photo of another mouse was taken 24 h after the intra-tumoral injection (c). Reproduced with permission from reference 2. Copyright 2021 MDPI.
	Figure 20. Relative volume of tumor xenograft plotted against time. Black and red:  control experiments. Green: FA2-dPEG20-DOX2 formulation administered intravenously;  blue: drug injected directly into the tumor.

	Conclusions
	Acknowledgments
	References
	3


	Glucan Phosphorylase-Catalyzed Enzymatic Polymerization to Synthesize Amylose and Its Analogs: An Efficient Approach for Hydrophobization of Hydrophilic Natural Polymers by Enzymatic Modification of Partially 2-Deoxygenated Amyloses
	Introduction
	Figure 1. Typical structures of polysaccharides and proteins.
	Figure 2. Hydrophobization of cellulose nanofibers (CNFs) by acylation.
	Figure 3. Thermostable glucan phosphorylase (GP, isolated from thermophilic bacteria, Aquifex aeolicus VF5)-catalyzed enzymatic copolymerization of d-glucal with α-d-glucose 1-phosphate (Glc-1-P) to produce partially 2-deoxygenated amylose (P2D-amylose) and its cast film formation and water contact angle measurement.
	Figure 4. GP-catalyzed enzymatic polymerization of d-glucal to produce 2-deoxyamylose.

	Characteristic Features of GP-Catalyzed Enzymatic Reactions
	Figure 5. Strategy for the synthesis of polysaccharides through chemical glycosylations.
	Figure 6. Representative schemes of phosphorylase-catalyzed enzymatic (a) phosphorolysis and  (b) glycosylation.
	Figure 7. GP-catalyzed enzymatic polymerization to synthesize amylose.
	Figure 8. GP-catalyzed enzymatic (co)polymerization from glycogen (a) using Glc-1-P to produce glycogen hydrogel and (b) using d-glucal/Glc-1-P to produce P2D-amylose-modified glycogen and its water contact angle measurement.
	Figure 9. Modification of maltooligosaccharide on (a) anionic polymer with carboxylate  groups by condensation and (b) cationic polymer with amino groups by reductive amination  and (c) subsequent GP-catalyzed enzymatic polymerization of Glc-1-P to produce amylose-grafted polymer (chemoenzymatic method).

	Chemoenzymatic Synthesis of Amylose-Grafted Polymeric Materials
	Weak Specificity for Recognition of Glycosyl Donors by GP
	Figure 10. GP-catalyzed enzymatic glycosylations using non-native glycosyl donors  (monosaccharide 1-phosphates).
	Figure 11. Thermostable GP-catalyzed polymerization of GlcN-1-P from Glc3 with precipitation of Pi to produce chitosan stereoisomer (amylosamine) and its conversion into chitin stereoisomer by N-acetylation.

	Enzymatic Synthesis and Specific Characters of  2-Deoxy- and Partially 2-Deoxygenated Amyloses
	Figure 12. Mechanism for in situ preparation of 2dGlc-1-P in GP-catalyzed enzymatic  polymerization using d-glucal.

	Hydrophobization of Natural Polymers by GP-Catalyzed Enzymatic Grafting
	Figure 13. Hydrophobization of carboxymethyl cellulose (CMC) and poly(γ-glutamic acid) (PGA) by thermostable GP-catalyzed enzymatic grafting of P2D-amylose chains and water contact angle measurement of products.

	Conclusions
	References
	4


	Sequence-Dependence on Papain-Catalyzed Polymerization of Histidine-Containing Oligopeptide Ester Monomers
	Introduction
	Figure 1. Chemoenzymatic polymerization catalyzed by protease (papain) for the synthesis of polypeptides (a) and amino acid ester monomers available for papain-catalyzed polymerization (b).

	Substrate Specificity of Papain for Polymerization of Amino Acid Esters
	Papain-Catalyzed Polymerization of Oligopeptide Esters
	Figure 2. Catalytic pocket in papain with proposed 7 subsites (S1-S4 and S1′-S3′) that recognize amino acid residues (P1-P4 and P1′-P3′, respectively) of proteins to cleave non-terminal peptide bonds (a) (2223). Each subsite has a different substrate specificity. Dipeptide monomers are initially recognized in subsites S1 and S2 to form an activated intermediate (b), and aminolysis subsequently takes place after another monomer is accommodated in subsites S1′ and S2′ (c).
	Figure 3. Di- and tripeptide ester monomers capable of polymerizing in the presence of papain via chemoenzymatic polymerization.
	Figure 4. Papain-catalyzed polymerization of Aib-containing oligopeptide ester monomers (a) and tripeptide ester monomers containing aramide (Abz) or nylon unit (b).
	Figure 5. Papain-catalyzed polymerization of histidine-containing oligopeptide ester monomers (a). Adaptability of histidine-containing dipeptide sequences (HisGly and GlyHis) in the subsites of the catalytic pocket in papain (b).

	Sequence-Dependent Polymerization of Histidine-Containing Monomers
	Figure 6. Histidine-containing oligopeptide ester monomers modified with hydrophobic substituents. The monomers are categorized according to their polymerizability using papain.
	Figure 7. The expanded MALDI-TOF mass spectrum of poly(GlyHisGly) (a). The arrows indicate the peaks assignable to poly(GlyHisGly) with additional Gly residues inserted by transamidation. Scheme of papain-mediated transamidation of poly(GlyHisGly) (b). The putative cleavage sites in the papain-mediated transamidation of poly(GlyHisGly) (c).

	Conclusions
	Acknowledgments
	References

	Polymer Recycling Methods
	5

	Enzymatic Recycling of Polyurethanes
	Introduction
	Figure 1. Cumulative plastic waste generation and disposal. Solid lines show historical data from 1950 to 2015; dashed lines show projections of historical trends to 2050. Reproduced with permission from reference 1. Copyright 2017 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).
	Figure 2. Foamed plastic litter collected from a beach in England. Samples a, d, e and f are PU. Reproduced with permission from reference 8. Copyright 2016 Elsevier.

	Patent Literature – State of the Art
	Figure 3. Chemical structures of identified enzymatic degradation products of Adcote 17-3 after  17 days of incubation at 37 °C with BC-CUT-013 cutinase. (A) Diethylene glycol;  (B) Sebacic acid; (C) Neopentyl glycol; (D) Terephthalic acid; (E-G) Terephthalic  acid-based fragments; (H-I) Sebacic acid-based fragments.

	Enzymatic Depolymerization of Polyurethanes
	Figure 4. Main hydrolysis reactions for the enzymatic degradation of PU. Reproduced with permission from reference 56. Copyright 2020 Elsevier.
	Figure 5. Chemical structures associated with the synthesis and degradation of PCL-based PU foam, and the synthesis of second-generation PU. (A) TDI; (B) PCL triol; (C) PCL diol; (D) 6-HCA; (E) Diacid of TDI linked to two 6-HCA units; (F) Proposed structure of second-generation poly(ester urethane).
	Figure 6. Visual analysis of enzymatic degradation of PCL-based PU foam with the naked eye (top) and SEM with magnification of 35 (middle) and 150 (bottom). Reproduced with permission from reference 62. Copyright 2021 John Wiley and Sons.
	Figure 7. Liquid chromatography time-of-flight / mass spectrometry (LC-TOF/MS) analysis of monomers and oligomers released in solution after the enzymatic hydrolysis of a PU-polyester film. Molecules from left to right: 3,3′-methylenedianiline, 1,4-butanediol and adipic acid. (A) monomers; (B) dimer; (C) trimers. All reactions were carried out in triplicate. Reproduced from reference 65. Copyright 2022 The Authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.
	Figure 8. Enzymatic degradation of PU foams synthesized from polyols containing PPP,  e.g. P45 stands for 45% PPP. (A) weight loss; (B) water uptake. Reproduced with  permission from reference 59. Copyright 2017 Elsevier.
	Figure 9. Impranil suspensions (0.8 mg/mL) 24 h after exposure to P. fluorescens esterase, Bacillus sp. protease, and Pseudomonas sp. lipase compared to a protein-free control reaction. Reproduced with permission from reference 66. Copyright 2015 Elsevier.

	Conclusion and Outlook
	Acknowledgments
	References
	6


	Improvement of the Thermostability and Activity of the PET-Degrading Enzyme Cut190 toward a Detailed Understanding and Application of the Enzymatic Reaction Mechanism
	Introduction
	C-Terminal Deletion Improved Both Thermal Stability and Activity
	Figure 1. Structure of Cut190**. (a) Substrates of cutinase. (b) Ribbon diagram of Cut190 and the C-terminal three residues that were deleted in Cut190**. (c) Protomers in the crystal of Cut190**. The bound Ca2+ ion at Site 1 is drawn as a yellow sphere in protomer 1, whereas no Ca2+ ion is observed in protomer 2 (magenta). The lower left panel shows the protomers in the unit cell (twice the asymmetric unit). (d) Closeup view around the active site. The ejecting form of Cut190**S176A (orange) is superposed onto the open form of Cut190* complexed with monoethyl adipate (white, 5ZRS). Remarkable structural changes are indicated as black arrows. The side chain of Met177 in the ejecting form causes the steric hindrance to the bound ligand at the active site. The aromatic ring of F106 in the ejecting form is disordered (drawn as a transparent stick) in the crystal structure.
	Figure 2. Schematic diagram of the enzymatic reaction cycle of Cut190. A novel ejecting form is integrated. Ca2+ ions are dynamically bound and dissociate in the cycle to promote structural changes.

	Introducing a Disulfide Bond Significantly Improved the Thermal Stability
	Figure 3. Crystal structure of Cut190*SS. Five substitutions introduced in Cut190* and the residues of S176, H254, and D222 that compose the active site and so-called catalytic triad are indicated and shown as stick models. The Ca2+ binding sites (Site 1-3) are indicated as black allows. Substitution of Q138A is located at the entrance of the active site (inset panel at upper right) and would affect the substrate binding. F106 and T107 function as a lid for the active site.
	Figure 4. Ligand-bound structures of Cut190*SS_S176A. (a-c) The dioxane-, MES-, and sulfate-bound forms, respectively. The active Ser is mutated to Ala. Oxyanion holes composed of the main chains of F106 and M177 are indicated as dashed circles. For the MES- and sulfate-bound structures in this study, electron density (ligand-omitted Fo-Fc, contoured at 2.5σ level) around the bound ligands is shown as magenta mesh. Hydrogen bonds between the ligands and oxyanion hole are drawn as yellow dashed lines. (d-h) Superpositions of the reported structures of homologous enzymes in complex with PET-related ligands and MES-bound structure of Cut190. Each ligand name and PDB ID is indicated in the panels. Note that because the bound PET-related ligands in the structures of panels f-h are not recognized by the oxyanion hole, these structures may represent substrate approaching or dissociating rather than just before/after substrate cleavage. (i) Model structure of PET-3mer (white stick)-bound Cut190. Interactions at the catalytic triad and oxyanion hole are represented as yellow dashed lines.

	Complex Structures with Ligands Having a Ring Structure
	Conclusion
	Acknowledgments
	References
	7


	Hydrothermal Liquefaction of Polyethylene and Polypropylene: Recent Advances and Future Perspectives
	Introduction
	Figure 1. Using HTL to convert mixed plastic streams into oil, gas, solid and aqueous products at moderate temperatures (250-450 °C) and pressures (4-30 MPa).

	Non-Catalytic HTL of PE and PP
	Figure 2. Evolution of the number of publications over the years (1990–2023) in the field of HTL  of plastics. Source: Scopus database including the keyword “Hydrothermal” and “plastic” and  using the boolean operator AND.
	Figure 3. A general reaction pathway for converting PE and PP via HTL: (a) free radical cracking,  (b) beta-scission and recombination, (c) cyclization, (d) aromatization, (e) gasification,  (f) dehydrogenation. Adapted from (733).

	Solvothermal Liquefaction
	Potential of Using Oil Products as Alternative Fuels or Valuable Chemicals
	Figure 4. The reaction severity to fully depolymerize PE, PP, PS and their mixtures at 430°C  during HTL reactions. (note: the data is from Kishita et al. 39).

	Hydrothermal Co-Liquefaction of PE and PP Based Plastic Mixtures
	Perspectives on Incorporating Catalyst for HTL of PE and PP
	Figure 5. Possible reaction mechanism of catalytic PE cracking. (modified with permission from references (4849) Copyright 2017, 2002, respectively. Elsevier).

	Conclusions and Recommendations
	References

	Biobased Materials and Additives
	8

	Fatty Acid-Based Polycarbonates Synthesis and Crosslinking through the Malonate Route
	Introduction
	Synthesis of Bio-based 6-Membered Cyclic Carbonates
	Scheme 1. Synthetic route to functional 6-membered cyclic carbonate from methyl undecenoate 3.
	Figure 1. Stacked 1H NMR spectra of (1) methyl undecenoate, (2) Und-malonate, (3) Und-1,3-diol and (4) Und-6CC. (All analyses were performed in CDCl3.) (*: residual solvents.)
	Figure 2. First platform of fatty acid-based 6-membered cyclic carbonates.
	Scheme 2. Isomerization reactions of Lin-6CC.
	Figure 3. Stacked 1H NMR of Ole-6CC, Lin-6CC and Ric-6CC in CDCl3.

	Ring-Opening Polymerization of the Bio-based 6CC
	Figure 4. Catalysts used during the copolymerization of Und-6CC and TMC.
	Figure 5. 1H NMR spectrum of P(TMC-co-Und-6CC) (Table 1, entry 4) (*: CH2 signals of  Und-6CC units).
	Figure 6. Typical SEC trace in THF of P(Und-6CC-co-TMC) (Table 1, entry 4) (*: Flow marker).
	Scheme 3. ROP mechanism of cyclic carbonate initiated by benzyl alcohol and Sn(Oct)2.
	Figure 7. DSC and TGA traces of PTMC and P(Und-6CC) and of random copolymers.
	Figure 8. Cross-linking of P(TMC-co-Und-6CC) by three methodologies.

	Polycarbonate Crosslinking
	Figure 9. Stacked 1H NMR of P(TMC-co-Und-6CC) and epoxidized P(TMC-co-Und-6CC) in CDCl3.

	Conclusion
	Acknowledgments
	Appendix
	Experimental Methods
	Synthesis of Cyclic Carbonate Platforms
	General Procedure for Fatty-Acid-Malonate Synthesis
	General Procedure for Fatty-Acid-1,3-Diol Synthesis
	General Procedure for Fatty-Acid-6CC Synthesis:
	Procedure for Ric-6CC Synthesis
	Protection of the :Hydroxyl Group
	Ric-Malonate Synthesis
	Ric-1,3-diol Synthesis
	Ric-6CC Synthesis
	Polymerizations of Cyclic Carbonate Monomers
	Figure A1. Stacked 1H NMR spectra of (1) methyl oleate, (2) Ole-malonate, (3) Ole-1,3-diol and (4) Ole-6CC. (All analyses were performed in CDCl3.) (*: impurities.)
	Figure A2. Characterization of Ric-6CC (1) 1H NMR, (2) 13C NMR, (3) 1H-1H COSY NMR and (4) 1H-13C HSQC-NMR. (Analysis performed in CDCl3.)
	Figure A3. FTIR spectra of Ric-6CC and P(Ric-6CC).
	Figure A4. 1H NMR spectra of P(Und-6CC) in CDCl3.
	Figure A5. 1H NMR spectra of P(Ole-6CC) in CDCl3.
	Figure A6. 1H NMR spectra of P(Lin-6CC) in CDCl3.
	Figure A7. 1H NMR spectra of P(Lin-6CC) in CDCl3.
	Figure A8. DSC of cross-linked polycarbonates (1st and 2nd runs).
	Figure A9. DSC of cross-linked polycarbonates (1st and 2nd runs).
	Figure A10. DSC of cross-linked polycarbonates (1st and 2nd runs).

	References
	9


	Synthesis and Applications of Fatty Acid Estolides
	1 Introduction
	2 Synthesis Strategies toward Hydroxy Fatty Acids
	2.1 Chemical Routes
	2.2 Enzymatic Routes
	Figure 1. Hydration of oleic acid to (R)-10-hydroxystearic acid catalysed by a fatty acid hydratase (FAH).
	Figure 2. Hydration of linoleic acid to (S)-10-hydroxy-cis-Δ12-octadecenoic acid (left) or (S)-13-hydroxy-cis-Δ9-octadecenoic acid (right) by specific fatty acid hydratases.

	3 Synthesis Strategies toward Estolides
	3.1 Chemical Routes
	Polycondensation of Hydroxy Fatty Acids.
	Figure 3. Fatty acid estolide resulting from polycondensation of ricinoleic acid (x ≥ 2).

	Addition to Unsaturated Fatty Acids.
	Figure 4. Generalized structure of estolides prepared from oleic acid and mineral acids; m + n = 15, x ≥ 1.

	3.2 Enzymatic Routes
	Figure 5. Structures of hydroxy fatty acids that have been used as starting material for lipase-catalyzed estolide synthesis.

	4 Applications of Estolides
	4.1 Biolubricants
	Figure 6. Relationship between estolide number and pour point or viscosity at 40 °C for a range of estolides synthesized from oleic acid (●), the 2-ethylhexyl esters of those estolides (▲) and hydrogenated 2-ethyl hexyl esters of those estolides (♦). Based on data from 41.
	Figure 7. Relationship between the chain length of a saturated capping fatty acid and pour point or viscosity at 40 °C for a range of monoestolides synthesized from oleic acid with a 2-ethylhexyl (▲), or methyl (●) group esterified to their carboxy terminus. Based on data from 42.

	4.2 Cosmetics
	4.3 Food
	4.4 Polyols for Polyurethanes
	Figure 8. Schematic structure of triol product of self-condensed castor oil.
	Figure 9. Simplified structure of the estolide polyol obtained by the ring-opening reaction of ricinoleic acid estolide with epoxidized soybean oil.

	5 Conclusions and Future Perspectives
	References
	10


	Synthetic Routes to Hydrogels and Polysaccharide-Based Block Copolymers
	Introduction
	Polysaccharide-Based Hydrogels
	Imine, Knoevenagel Condensation, and Boronic Ester
	Figure 1. Hydrogel crosslinked by reversible linkages.

	Photo-Curing Hydrogels
	Figure 2. Schematic of fabrication of Hep G2 cells using micromolding technology with photo-crosslinkable chitosan hydrogel 18. Reproduced with permission from reference 18. Copyright 2006 Elsevier.

	Michael Addition
	Diels-Alder Reaction
	Figure 3. Reactions commonly used in hydrogel curing: (a) disulfide formation, (b) imine formation, (c) Diels-Alder reaction, (d) thiol Michael addition, (e) catechol oxidative dimerization, (f) Knoevenagel condensation, (g) boronic acid esterification, and ‘R’ represents polysaccharide substrate.

	Disulfide Bond as Crosslinker
	Catechol-Catechol Reaction
	Polysaccharide-Based Block Copolymers
	End-to-End Coupling Strategy
	Figure 4. Synthetic routes to polysaccharide block copolymers.

	Conventional Coupling Strategy
	Non-reducing End Modification
	Azide-Alkyne Huisgen Cycloaddition
	Figure 5. (a) Synthesis of diblock copolymer of dextran-b-polystyrene 43. (b) Synthesis of dextran-b-PEG via aminolysis 44. (c) Synthesis of cellulose triacetate-b-methyl cellulose diblock copolymer via azide-alkyne Huisgen cycloaddition 54. (d) Synthetic route to acetylated maltoheptaose-b-maltoheptaose block copolymers 55. (e) Synthesis of dextran-b-poly(γ-benzyl-L-glutamate) block copolymer 56.  (f) Synthesis of maltoheptaose-b-PNIPAm block copolymer 58. (g) Biotinylation of reducing termini of tetragalacturonic acid 50.
	Figure 5. (h) Synthesis of acetylated cellulose-b-methylated starch 51. (i) Synthesis of dextran-b-acetalated dextran 59. (j) Synthesis of polysaccharide-b-ELP, R: polysaccharide backbone 57.  (k) Synthesis of alginate-based diblock copolymer 45.
	Figure 6. (A) Transmission electron micrograph with size distribution. (B) Tapping mode  AFM phase images with sectional analysis of Mal7-AcMal7 micelles 55. Reproduced with permission  from reference 55. Copyright 2012 American Chemical Society.
	Figure 7. TEM image of dried dispersion of dextran-PBLG diblock copolymer 56. Reproduced with permission from reference 56. Copyright 2009 Wiley.

	Macroinitiator Strategy
	Figure 8. TEM and AFM images of PBLG- hyaluronic acid diblock copolymer 39. Reproduced with permission from reference 39. Copyright 2009 American Chemical Society.
	Figure 9. (a) TEM image of a dried dispersion of Mal7-PNIPAM220 at 90 °C. (b) TEM image of a dried dispersion of N3-PNIPAM220 at 90 °C. (c) TEM image of dried dispersion of Mal7-PNIPAM119 at 90 °C 58. Reproduced with permission from reference 58. Copyright 2010 American Chemical Society.
	Figure 10. (a) Synthesis of maltoheptaose-based ATRP initiator 60. (b) Synthesis of cellulose-b-polystyrene diblock copolymer 61. (c) Synthesis of dextran based ATRP initiator 62. (d) Synthesis of dextran based ATRP initiator via oxime condensation 63. (e) Synthesis of cellulose triacetate-b-polybutadiene-b-cellulose triacetate 51. (f) Selective end-functionalization of dextran by a xanthate 64.
	Figure 11. Micrographs of cellulose/Polystyrene/Cellulose. Component weight ratios are (a) 9/1/0,  (a′) 9/1/3, (b) 5/5/0, (b′) 5/5/3, (c) 3/7/0, (c′) 3/7/3, (d) 1/9/0, and (d′) 1/9/3 61. Reproduced with permission from reference 61. Copyright 2010 Springer Nature.
	Figure 12. TEM image of dextran-b-polystyrene in water 62. Reproduced with permission from reference 62. Copyright 2007 Royal Society of Chemistry.

	Summary and Perspectives
	References
	11


	Superabsorbent Hydrogels Derived from Okara as Soil Supplements for Enhancing Vegetable Growth and Production
	1 Introduction
	2 Synthesis of Okara-Derived Hydrogel
	Figure 1. (A) Synthesis and post-treatment procedures for Ok–PAA graft polymers 43. Reproduced  with permission from ref. 43. Copyright 2020 American Chemical Society. (B) Synthesis of cross-linked  Ok-PAA hydrogel 24. Reproduced with permission from ref. 24. Copyright 2022 American  Chemical Society. (C) Synthesis of cross-linked Ok-P(AA-AAm) hydrogel 23. Reproduced with  permission from ref. 23. Copyright 2020 American Chemical Society.

	3 Characterization of Okara-Derived Hydrogel
	Figure 2. (A) Optical images of the Ok-PAA4 hydrogel in different sizes, and (B) plot of swelling vs time for the Ok-PAA4 hydrogel granules of different sizes. Inset is an expansion of the plot for the first 1 h 24. Reproduced with permission from ref. 24. Copyright 2022 American Chemical Society
	Figure 3. (A) Water holding capacity of sand, mixed soil, and potting mix supplemented with 2 wt % of Ok-PAA4 granules varying in sizes. (B) Water leaching in mixed soil supplemented with the Ok-PAA4 gel granules (S size) of various weight percentages 24. Reproduced with permission from ref. 24. Copyright 2022. American Chemical Society. (C) Water holding capacity of potting mix supplemented with 1 or 3 wt % gel powders (small and big sizes) 23. Reproduced with permission from ref. 23.  Copyright 2020 American Chemical Society.
	Figure 4. Water retention measurements of (A) sand, (B) mixed soil, and (C) potting mix supplemented with 2 wt % of Ok-PAA4 granules varying in sizes 24. Reproduced with permission from ref. 24. Copyright 2022 American Chemical Society.

	4 Application of Okara-Derived Hydrogels as Soil Supplements  for Vegetable Growth
	Figure 5. (A) Survival performance of choy sum seedlings in sand, mixed soil, potting mix supplemented with Ok-PAA4 granules (S size) of various percentages under drought conditions. (B) Effect of Ok-PAA4 hydrogel supplementation in mixed soil on choy sum plant growth 24. Reproduced with permission  from ref. 24. Copyright 2022 American Chemical Society.
	Figure 6. Survival performance of choy sum seedlings in the presence of Gel-1 under drought conditions.  (A) Changes in survival rate on a daily basis. (B) Photos of representative seedlings grown in potting mix supplemented with 0−2% (w/w) of Gel-1 on day 10 after sowing 23. Reproduced with permission  from ref. 23. Copyright 2020 American Chemical Society.
	Figure 7. Growth performance of choy sum in the presence of 2% (w/w) Gel-1 under water-limited conditions. (A) Representative shoots of seedlings grown at 0 or 2 wt% Gel-1. Growth assessments  were determined by looking at the shoot fresh weight (FW) (B) and total leaf area per plant (C).  Results presented for (B, C) are means ± standard errors. The asterisk (*) indicates significance  w.r.t. control (Student’s t-test, p < 0.05; n = 20) 23. Reproduced with permission from ref. 23.  Copyright 2020 American Chemical Society.
	Figure 8. Digital biomass (A) of representative plants (in duplicates) were monitored. Shoot weight at harvest (B), RGR (C), total leaf area per plant (D), average number of true leaves per plant (E) were recorded to determine the effect of Gel-1 addition on the growth of choy sum. Irrigation WUE (F) was also determined. Different letters above error bars indicate significance in response to treatments (One-way ANOVA, Tukey post hoc test, p < 0.05). Continuous monitoring of the plants and images as shown were captured using HortControl (G). Side (H) and top (I) of plants prior to crop harvest (D30).  Bars = 5 cm 44. Reproduced with permission from ref. 44. Copyright 2021 Elsevier

	5 Conclusion
	Acknowledgments
	References
	12


	Reductive Catalytic Fractionation of Lignocellulose and Application of Depolymerized Lignins for Synthesis of Biobased Polymeric Materials
	Introduction
	Figure 1. Common C-O (β-O-4′) and C-C linkages (β- β′, β-5′) in lignins.

	Reductive Catalytic Fraction
	Synthesis of RCF Lignin-Based Materials
	Water-Soluble Polymers
	Figure 2. Synthesis of lignin-based WSPs via the Mannich reaction.

	Epoxy Resins
	Figure 3. Molecular structure of BADGE.
	Figure 4. Process workflow for developing polyurethane monomers from RCF lignins.

	Polyurethane
	Figure 5. Molecular structure of repeating units in polyurethanes.
	Figure 6. Synthetic workflow for developing lignin-based PUFs. Reproduced from 44.  Copyright (2021, American Chemical Society).

	Conclusions
	References
	13


	Real-Time Structural Changes of Poly[(R)-3-hydroxybutyrate-co-4-hydroxybutyrate] Biodegradable Elastic Fibers by Using Synchrotron Radiation
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Processing of Elastic Fiber
	2.3 Measurements
	2.3.1 Microbeam X-ray Measurements
	2.3.2 Simultaneous In Situ WAXD/SAXS Measurements with Cyclic Tensile Test
	2.3.3 Cyclic Tensile Test
	2.3.4 Proton and Carbon Nuclear Magnetic Resonance (1H and 13C NMR)
	3 Results and Discussion
	3.1 Mechanical and Elastic Properties and Higher-Order Structure of the  P(3HB-co-16 mol%-4HB) Elastic Fiber
	Figure 1. (a) Hysteresis curves of P(3HB-co-16 mol%-4HB) elastic fiber measured at  room temperature and its optical images and 2D-WAXD patterns at each 0 MPa (b and d) and  107 MPa (c and e), respectively.
	Figure 2. The recovery factor R of the P(3HB-co-16 mol%-4HB) elastic fiber calculated from eq.(1).

	3.2 Analysis of the Distribution of the 4HB Monomers in the 3HB Sequence
	Figure 3. 13C NMR spectrum and monomer sequence fractions (mol%) of P(3HB-co-16 mol%-4HB).
	Figure 4. Microbeam X-ray fiber diagrams of P(3HB-co-16 mol%-4HB) elastic fiber at 6.6 N (107 MPa, 70% strain), recorded from the marked points in the microscope image. The step width is 10 μm.

	3.3 Microbeam X-ray Measurements
	Figure 5. (a) Intensity, (b) corrected intensity from the volume of the fiber exposed to microbeam  of α(020) and β(110) at each X-ray exposure position, and (c) their intensity ratio distribution from the  results of the microbeam X-ray fiber diagrams of P(3HB-co-16 mol%-4HB) elastic fiber at 6.6 N  (107 MPa, 70% strain).

	3.4 Intensity Changes of the β-Form Reflection during the Cyclic Tensile Tests
	Figure 6. In situ 2D WAXD patterns of the P(3HB-co-16 mol%-4HB) elastic fiber while loading and unloading at the 3rd cycle test.
	Figure 7. Stress-dependent 1D WAXD profiles for equatorial and intensity of α(020), α(110), and β(110) at various applied forces for the P(3HB-co-16 mol%-4HB) elastic fiber while (a) loading and  (b) unloading at the 3rd cycle test.
	Figure 8. X-ray coherent crystallite size of (a) α(020) and (b) β(110) estimated using Scherrer’s equation by the half-width of the diffraction spots.

	3.5 In Situ WAXD Analysis—Changes to Crystal Size, Orientation, and Unit Cell during the Cyclic Tensile Test
	3.5.1 Crystal Sizes of the α- and β-Forms Calculated Using the Scherrer Equation
	Figure 9. Stress-dependent azimuthal profiles of the α-form (020) peak while (a) loading and  (b) unloading, where ω is the angle measured from the equatorial line along the arc.  (c) Orientation parameter, f, as a function of applied force.

	3.5.2 Crystal Orientation of the α-Form Calculated from Azimuthal Profiles
	Figure 10. (a) 1D-profiles of in situ WAXD of the P(3HB-co-16 mol%-4HB) elastic fiber while loading and unloading. (b) Deformation of the unit cell by changes in the d-spacing in Figure 11 and (c) its models for loading and unloading. Black lines and plots correspond to the 1st cycle, red ones to the 2nd cycle, blue ones to the 3rd cycle, orange ones to the 4th cycle, and green ones to the 5th cycle.

	3.5.3 Unit Cell Parameters of the α-Form during the Cyclic Tensile Tests
	Figure 11. Deformation of the d-spacing of the P(3HB-co-16 mol%-4HB) elastic fiber during loading and unloading. Black lines and plots represent the 1st cycle; red, the 2nd cycle; blue, the 3rd cycle; orange, the 4th cycle; and green, the 5th cycle.
	Figure 12. In situ (a) 2D-SAXS patterns, (b) 1D profiles and (c) long period of the  P(3HB-co-16 mol%-4HB) elastic fiber while loading and unloading. Black lines and plots correspond to the 1st cycle, red ones to the 2nd cycle, blue ones to the 3rd cycle, orange ones to the 4th cycle,  and green ones to the 5th cycle.
	Figure 13. In situ (a) 2D-SAXS patterns, (b) 1D profiles and (c) long period of the  P(3HB-co-16 mol%-4HB) elastic fiber while loading and unloading. Black lines and plots correspond to the 1st cycle, red ones to the 2nd cycle, blue ones to the 3rd cycle, orange ones to the 4th cycle,  and green ones to the 5th cycle.

	3.6 In situ SAXS Analysis—Deformation over a Long Period during the Cyclic Tensile Test
	3.7 Proposed Structural Model of the P(3HB-co-16 mol%-4HB) Elastic Fiber during Loading and Unloading
	Figure 14. Proposed models−detailed illustration of the higher-order structure changes in the cycle test of the P(3HB-co-16 mol%-4HB) elastic fiber.

	3.7.1 (i) Changes in the Unit Cell
	3.7.2 (ii) Tie Molecules between the Lamellae
	3.7.3 (iii) Free Amorphous Regions outside the Stacked Lamellae Composed of Multiple Lamellae
	4 Conclusions
	Acknowledgments
	6 Funding Sources
	References
	14


	Very Effective, Nontoxic, Inexpensive, Nonmigrating Biobased Oligomeric Hyperbranched Plasticizers for Poly(vinyl chloride) from the Biomonomers, Glycerol and Adipic Acid
	Processing Poly(vinyl chloride): Plasticization
	Development of New Plasticizers
	Figure 1. Synthesis of hyperbranched poly(ester)s followed by capping of hydroxyl endgroups as esters  (R represents ester functionality derviced from octanoic, 2-ethylhexanoic or bezoic acid).
	Figure 2. Volatility of glycerol/adipic acid hyperbranched oligomeric plasticizers (15 phr) in  PVC blends at 180 °C.

	The Future
	References
	15


	Hydrophobic Modification of Agro-Based Polymers: A Selected Review
	Introduction
	Starch Derivatives
	Figure 1. Acetylation of starch via the use of iodine and acetic anhydride; no solvent was needed. AcO refers to acetoxy.

	Cellulosic Derivatives
	Modifications of Xylan
	Figure 2. Structures for AKD and ASA; R1 and R2 are aliphatic chains.

	Modified Cashew Gum
	Figure 3. Reaction of cashew gum (CG) with AKD.
	Figure 4. Reaction of cashew gum (CG) with OSA.

	Derivatives of Zein
	Figure 5. Reaction of zein with OSA.

	Conclusions
	Acknowledgments
	References

	Editors’ Biographies
	H. N. Cheng
	Richard A. Gross

	Indexes
	Author Index
	Subject Index
	A
	F
	H
	L
	M
	O
	P
	S


