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Abstract

A new type of modified lignin, lignin-p-Boc, was obtained through reaction with di-tert-butyl
dicarbonate (Boc2O) in aqueous media catalyzed by 4-dimethylaminopyridine (DMAP). Boc
modification occurred regardless of type of lignin, was tunable, and proceeded well in recovering
lignin at high purity from sodium lignosulfonate (a common byproduct from pulping industry;
lignin content: 60%). Lignin-p-BOC was demonstrated as a potential reactive filler in green plastic
and as a potential crosslinker in design of bioresorbable composite polymeric implants.
Furthermore, the effects of the modification on the breakdown rate of alkali lignin by microbes was
investigated, and the results showed that the modification substantially decreases the breakdown
rate. The tunable Boc modification process was designed via a system thinking, including
availability of raw lignin, economical/green modification, potentiality of drop-in-change to current
thermoplastic processing, modification impact on microbial degradability/disposed environment at
the end of use life; hence the holistic consideration makes this alternative method for upgrade of
technical lignins very practical for future industrial application. Via forming “easily breakable
covalent bonds” with thermopolymers, Lignin-p-BOCs are also promising to play an important role
as both excellent binders via “random match” and reductants in transforming linear plastic waste
into circular plastics.

Keywords: Lignin, System thinking, Reactive filler, Boc modification, Microbial degradation.

1. INTRODUCTION

Lignin is one of most abundant biopolymers and the most with rich aromatic components in nature.
However, for utilization in industry it is much lagging behind than other biopolymers such as
cellulose [1,2]. One of main reasons is due to its random designed structure by nature; and lignin
structure can be different after separation as a waste from the same bio-resource via different
processes in pulping plants [3], which adds more difficulty for quality control in its utilization [3,4].
Not surprisingly, the employment of lignin as macromolecule filler attracted a lot of attention
because the negative effect of its less defined structure could be minimized. Especially the use of
lignin as reinforcement in biodegradable thermoplastic was extensively explored due to the recent
public concern to environmental impact of conventional plastic [5].

Chemically lignin is composed of significant amount of phenolic and aliphatic hydroxyl groups as
well as some acidic functional groups, and hence it is very polar. Direct use of (technical) lignin
would lead to incompatible or immiscible composites when mixing with non-polar thermoplastic
[6,7]. A common approach to increase the hydrophobicity is to modify lignin by masking the free
hydroxyls (Scheme 1). The most widely used method is to protect hydroxyl groups of lignin with
anhydrides [8,9], silyl reagents [10] or fatty acids [11-14] forming new ester bonds which are less
polar (Scheme 1). The advantage is simple and cost can be very cheap; another method is to modify
lignin with “graft to” or “graft from” strategies forming star polymers [6,7]. For example: lignin-g-
PLA [15], rosin-lignin copolymer [16,17] and hydroxypropyl lignin (hydropropyl group with
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certain length) [18,19]. The advantage is longer hydrophobic chain; however it can be a difficulty to
remove short-chain polymers after grafting and resulted cost might hamper the potential
application. General method for modification of lignin in low cost, particularly via a system
thinking of whole value chain of targeted applications along with lignin drop-in-change, is still
highly desirable for future lignin utilization in large scale.

Recently, tosylated lignin was synthesized in an aqueous medium in the absence of any organic
solvent; it is more reactive than unmodified lignin and shows potential for several applications [20].
Inspired by this work, here we develop a new practical method to modify lignin with di-tert-butyl
dicarbonate (Boc.O) without using any organic solvents (Scheme 1). The degree of modification
can be tuned by adjusting loading of catalyst and amount of Boc,O used. The Boc modified lignin
shows more reactive than unmodified lignin, which is promising for design of new green composite
via reactive blending with thermopolyesters newly forming O-Boc/cyclic carbonates group on
modified lignin. In addition, under optimized conditions various aromatic hydroxyl groups could all
be converted into single syringyl type ones in basic aqueous solution which increases the regularity
of lignin in structure. This method was also demonstrated to be very efficient in recovering lignin in
high purity from industrial lignosulfonate lignin (lignin content: 60%). Further evaluation of the
microbial (white rot fungus P. chrysosporium) breakdown rate with both alkali lignin and alkali
lignin-p-BOC and results indicated that the presence of Boc groups in lignin substantially decreased

the rate of degradation.
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Scheme 1. Common lignin modification strategies and our new reactive one

Di-tert-butyl dicarbonate (Boc20) is well known as a reagent for protection of amines and alcohols
in organic synthesis in the presence of base catalyst [21-23]. In addition, it is also used as a
dehydrating agent in reaction with carboxylic acids [24]. A recent revisited reaction of alcohols
with Boc20 in the presence of 4-dimethylaminopyridine (DMAP) indicated that the pKa of the
alcohols strongly affect formation of products (symmetrical carbonates or O-Boc) and reaction rate;
More acidic alcohol reacts faster with Boc.O [21]. Inspired by this finding, we envisaged that the
acidic hydroxyl (phenolic) and carboxylic acid groups which are of much importance to the polar
property of lignin could be easily protected with Boc.O (Scheme 2). Furthermore, 1,2-diols or 1,3-
diols might possibly be converted into cyclic carbonates according to the literature (Scheme 2)
[22,25]. In a result, the modified lignin would be more hydrophobic.
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Scheme 2. Structure of lignin and a postulated modified structure of lignin
2. MATERIALS AND METHODS
Alkaline lignin and sulfite lignin were purchased from Tokyo Chemical Industry Co., Ltd. (TCI),
Singapore and Shanghai. The raw sulfite lignin (purity: around 60%) was purchased from Shaanxi
New Leader Enterprise; Di-tert-butyl dicarbonate (Boc20O) was purchased from Sigma-Aldrich and
Scientific Resource Pte Ltd (Alfa-Aesar) as well as Aladdin, Shanghai. All other common
chemicals were purchased either from Sigma-Aldrich (Singapore), Aladdin or Macklin, China.
Double beam TU-1901 UV-visible spectrophotometer was from Beijing Persee General Instrument
Ltd. The white rot fungus P. chrysosporium (ATCC 24725) was bought from Guangdong Culture
Collection Center.
2.1 Characterization of Lignin
All lignin samples were freeze-dried under reduced pressure before use for FTIR, NMR analysis.
For reactions with Boc20, lignin was used without any pretreatment from bottle. All NMR samples
were measured at room temperature.
3P NMR Spectroscopy. All experiments were carried out on a JEOL 500 MHz or a Bruker 400
MHz spectrometer. Quantitive 3P NMR Spectra of all lignin was obtained according to published
method. Alkaline lignin, sulfite lignin and all lignin-p-BOCs were freeze-dried under reduced
pressure for 2 days before measurement. General method: To a dry vial (1 mL) with 30 mg lignin
sample was added with a solvent mixture of anhydrous pyridine and deuterated chloroform (0.5 mL
in 16/1 VIV), subsequently phosphitylating reagent (2-chloro-4,4,55-tetramethyl-1,3,2-
dioxaphospholane (TMDP), 50 pL), cylcohexanol (100 piL, 10.85 mg in a solvent mixture of
anhydrous pyridine and deuterated chloroform in 1.6/1 V/V) as an internal standard, and chromium
(1) acetylacetonate solution (100 L, 5.0 mg in a solvent mixture of anhydrous pyridine and
deuterated chloroform in 1.6/1 V/V) as a relaxation reagent. Finally the solution was made up to 1
mL with solvent mixture of anhydrous pyridine and deuterated chloroform (in 1.6/1 V/V), then the
vial was sealed tightly and the solution was shaken for 2 hours to ensure thorough mixing. This
final mixture was transferred into a dry NMR tube for subsequent analysis. 3P NMR chemical
shifts were referenced with respect to water signal at 132.2 or cyclohexanol signal at 145.2. Peak of
phosphitylating reagent TMDP was at 176.0. The content of hydroxyl groups for phosphitylating
reagent was obtained by integration of the following spectral regions: aliphatic hydroxyls (150.3 -
145.3 ppm), condensed phenolic units (144.6 — 141.2 ppm), syringyl phenolic units (143.3 - 142.0
ppm), guaiacyl phenolic hydroxyls (140.5 -138.6 ppm), p-hydroxyphenolic units (138.5 — 137.3
ppm) and carboxylic acids (135.9 — 134.0 ppm).
'H NMR Spectroscopy. Quantitive H NMR Spectra of all lignin was obtained with
pentafluorobenzaldehyde as an internal standard. All experiments were carried out on a JEOL 500
MHz or Bruker 300 MHz for 1024 scans. 40 mg Pentafluorobenzaldehyde (0.2 mmol) was added
into 10 mL ds-DMSO in a vial. The solution was shaken for a thorough mixing and then kept for
use (Standard A). To a vial (1 mL) with 10 mg lignin sample was added Standard A (0.5 mL), then
the solution was shaken for 2 hours to ensure thorough mixing. It was transferred into a NMR tube
for subsequent analysis.
Boc Protection of Lignin. General procedure A: A mixture of 2N NaOH (5 mL), alkali lignin (1 g)
and Boc2O (2.5 mL or other amount as shown in tables) with a stirring bar in a 20 mL vial was
placed into an ice-water bath, then DMAP (339 mg or 100 mg) was added slowly and the mixture
was warmed to room temperature after 20 mins. The reaction continued to be stirred at room
temperature for 3 hours or 1 day. After then, 2 N HCI was added drop by drop to adjust the pH
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value to about 2. The modified lignin was isolated by centrifugation and subsequent washed with
deionized water (3 %20 mL). The isolated product was freeze-dried under reduced pressure to give
a dry sample for characterization. General procedure B: A mixture of MeCN (5 mL), alkali lignin
(1 g) and Boc2O (2.5 mL) with a stirring bar in a 20 mL vial was placed into an ice-water bath, then
DMAP (339 mg) was added and the mixture was warmed to room temperature after 20 mins. The
reaction continued to be stirred at room temperature for 1 day. The organic solvent was removed by
air flowing and the latter workup procedure was same to that of the above General procedure A.
Demonstration as a potential reactive filler by simple mixing of lignin-p-BOC and
polyethylene glycol. A mixture of lignin-p-BOC (0.25 g) and polyethylene glycol (Mw = 2000 or
400) (1 mL) was stirred at 60°C for 1 hour; the heterogeneous mixture became homogeneous after
reaction. Then the mixture was cooled to room temperature and was precipitated in hexane/ethyl
acetate solution. Pale yellow powder was obtained as a product lignin-p-PEG in 0.197 g (PEG 400:
0.185 g) (molar ratio 1/1 to total hydroxyls) and further dried in vaccum for hours before NMR
characterization. *HNMR data of both products indicated PEG reacted with lignin-p-BOC and
considerate amount of PEG chains were attached onto lignin core successfully.

Preparation of hydropropyl alkaline lignin. The preparation procedure was according to reported
procedure [19]. 3'P NMR result indicated that almost all the aromatic hydroxyls were masked with
hydropropyl groups (total aliphatic OH: 3.80 mmol/g).

Demonstration as a potential reactive filler with BOC protection of hydropropyl alkaline
lignin. Modification reactions in acetonitrile or NaOH solution were similar to General procedure
A and General procedure B with Boc,O (molar ratio 1/1 to total hydroxyls) in the presence of 10
wt% DMAP for 1 day.

FT-IR Analysis. Fourier transform infrared spectra was obtained with powdered solid lignin on
KBr disks. Spectra were collected from 4000 to 400 (or 600) cm™ with 16 cans. A typical BOC
modified lignin: -OH, 3000 - 3700 cm™; C-H stretch, 2976 and 2940 cm™; C=C stretch, 2050 —
2070 cm™; C=0 (bicarbonate) stretch, 1755, 1650 (conjugated) cm™; C=C (aromatic) bending and
ring puckering, 1566 and 1511 cm™*; C-O vibration, 1278, 1257, 1215, 1145, 1038 cm™.

2.2 General methods for microbial degradation of alkali lignin and lignin-p-BOC 2

A new batch of BOC modified lignin was synthesized for microbial degradation testing according
to the same procedure in preparation of lignin-p-BOC 2. Many microorganisms are capable of
degrading lignin and one of the best characterized species is white-rot fungi. This strain we selected
was Phanerochaete chrysosporium (P. chrysosporium). The culture was maintained on malt agar
slants at 4<C, and then transferred to malt agar plates and cultured at 39<C for 7 days. The spores on
the agar were scrapped and suspended in the sterile water. The spore concentration was determined
by measuring absorbance at 650 nm and adjusted to 5.0 x 10° spores/ml. Lignin degradation was
studied in 50 mL Kirk’s nitrogen limitation cultures without veratryl alcohol adding in 200-ml
Erlenmeyer flasks. Lignin was added as a solution in 1 mL of 10% DMSO to give a concentration
of 1 g/L. 5 mL of spore suspension was added to each flask, and the pH was adjusted to 4.5 with
H3PO.. Lignin degradation was carried out at 39<C for 18 days and flushed with oxygen every day.
Control groups containing no spore were incubated like spore-containing cultures. All experiments
were carried out in triplicates. Absorption of solution of lignin was measured with double beam
UV-visible spectrophotometer. A portion (0.5 mL) was taken out from the culture samples every
day and then sonicated for 30s; 4.5 mL of 0.55% (W/V) NaOH was added to the culture in order to
precipitate mycelia and protein. Then the mixture was centrifuged and the supernatant was diluted
to proper concentration and measured at 280 nm.

3. RESULTS AND DISCUSSION

3.1 Effect of solvent and loading of DMAP on total hydroxyls of alkali lignin

Initially a reaction of alkali lignin and Boc.O in acetonitrile with catalytic amount of DMAP was
performed at room temperature for 1 day (Table 1). Boc modification of lignin occurred as
expected smoothly by comparison of *H NMR/FT-IR spectra of commercial lignin and lignin-p-
BOC after modification [26]. Quantitive 3P NMR of purified lignin-p-BOC 1 indicated after
modification the content of the total free hydroxyls and carboxylic acids dropped to 41% (2.53
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mmol/g, entry 1, Table 1) of that of commercial alkali lignin (6.12 mmol/g, Figure 1). Since poor
solubility of lignin in acetonitrile was observed, a reaction in NaOH solution was also performed,;
remarkable increase on reaction efficiency was achieved and the units of total free OH of lignin-p-
BOC 2 were reduced to 10% (0.63 mmol/g, entry 2, Table 1) of the original one. Reaction rate for
Boc protection of lignin was very fast at room temperature and in 3 hours the content of free OH for
lignin-p-BOC 3 was comparable with lignin-p-BOC 2 that achieved in 1 day [11% (0.67 mmol/g)
VS 10% (0.63 mmol/g) of original one, entries 2 and 3, Table 1].

A control reaction of lignin and Boc20 in the absence of DMAP was also examined, and a result
indicated NaOH solution could also slightly promote Boc protection of lignin, although in a much
lower efficiency on masking of aliphatic hydroxyls (units of free aliphatic hydroxyls: 66% (1.39
mmol/g) VS 16% (0.33 mmol/g) of original one, entries 2 and 4, Table 1). In concern of cost,
reactions with low amount of BocO and DMAP were also examined, comparable concentration of
residual hydroxyls (18% VS 16%, entries 2 and 5, Table 1) for lignin-p-BOCs was observed,
however a lower yield was achieved with equivalent amount of Boc.O. The reaction proceeded well
with less DMAP (10 wt%) as a catalyst albeit total free hydroxyls on new product slightly increased

(17% VS 10%, entries 2 and 6, Table 1).
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Figure 1. Quantitative 3P NMR Spectra and signal assignment of commercial alkali lignin and
alkali lignin-p-BOC 2 - 4 in CDCls/pyridine.

Table 1. Boc modification of alkali lignin with Boc,O?
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Ent Solvent (Boc)2 DMAP  Lignin-p- Aliphatic Aromati Carboxylic Total
ries BOC(g OH c OH acid free OH
(mg) (mmol/g) (mmol/g) (mmol/g) and acid
(mL) (Sample (%)c (%)c (%)c (mmol/g)

number) (%)°
1 MeCN 2.5 339 0.79(1) 0.75(64) 150(54) 0.28(64) 2.53(59)
2 NaOH ag. 2.5 339 1.08(2) 0.33(84) 0.30(91) 0.32(59) 0.95(84)
3*  NaOH aq. 2.5 339 1.13(3) 0.46(78) 0.21(93) 0.35(55) 1.02(83)
4 NaOH aq. 2.5 0 1.08 (4) 1.39(34) 0.38(88) 0.18(83) 1.95(68)
5 NaOH ag. 1.4 339 0.88(5) 0.37(82) 051(84) 0.24(77) 1.12(82)
6  NaOH aq. 2.5 100 1.21(6) 0.53(75) 0.51(84) 0.31(60) 1.35(78)
7 NaOH aqg. 0.5 50 097 (13) 0.64(70) 1.27(61) 0.36(54) 2.27 (63)

8 - - - Alkali 2.11 3.23 0.78 6.12
lignin

a Reaction conditions: DMAP (339 mg) was added into a mixture of 2 N NaOH (5 mL), alkali lignin (1g)
and Boc20O (2.5 mL) with a stirring bar in a 20 mL vial. The solution was stirred at room temperature (rt) for
1 d; b: The reaction was performed at rt for 3 hours; c: Conversion percent of hydroxyls or acid.

3.2 Effect of solvent and loading of DMAP on total hydroxyls of sulfite lignin

In current market, lignin byproducts (lignosulfonate) from sulfite process for chemical pulping of
wood are dominant although Kraft lignin is projected to be the most in a decade [3,27]. Hence to
develop an economic method to utilize sodium lignosulfonate is in great need considering
application potential. Boc modification of sodium lignosulfonate was also optimized similarly and
generally similar trend was observed (Table 2). However, generally lower yields were achieved
probably because of their better solubility in water. Interestingly, with this method, lignin-p-BOC
can be recovered easily on water from industrial sodium lignosulfonate lignin (lignin purity: 60%)
[28], probably because the inside base promoted the reaction (Entry 7, Table 2). This process not
only combines the modification and pre-purification in one pot, but also reuses the waste impurity
[29] as a base.

3.3 Effect of reaction conditions on selective masking of lignin

The presence of catalytic DMAP accelerated Boc modification of aliphatic OH groups (units of free
aliphatic hydroxyls: 16% (0.33 mmol/g) VS 66% (1.39 mmol/g) of original one, entries 2 and 4,
Table 1), meanwhile NaOH showed its promotion preference on modification of aromatic OH
groups (units of free aliphatic hydroxyls: 66% (1.39 mmol/g) VS aromatic hydroxyls 12% (0.38
mmol/g) of original one, entry 4, Table 1 and Figure 1). The aromatic hydroxyls were masked in
faster rate probably because they are more acidic and deprotonation process by base catalyst is the
determined step. Interestingly, all the aromatic hydroxyls could either be protected by Boc or be
converted into syringyl OH when the Boc modification reaction was performed in NaOH solution
for 1 day in the absence of DMAP (lignin-p-BOCs 4 and 10, Figure 2), which is not observed in
reported methods for modification of lignin; more syringyl OHs were probably generated by a HCI
promoted Friedel-Crafts alkylation reaction of guaiacyl part (2-substituted phenolic moiety) with
Boc2O (a well-known chemistry under similar conditions) during workup stage with HCI solution.
The existence of DMAP had negative effect on this selective transformation especially when
reaction time was prolonged, although it benefited Boc protection of aliphatic OH.
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Figure 2. Quantitative *'P NMR spectra and signal assignment of commercial sulfite lignin and
sulfite lignin-p-BOC 8 - 10 in CDCls/pyridine.

3.4 Reactivity after Boc modification

The units of Boc groups calculated based on quantitative *H NMR of lignin-p-BOC were not
always consistent with the units of decreased free hydroxyls calculated based on *!P NMR, which
indicated further reactions including O-Boc reactions with free OH into cyclic carbonates or Boc.O
promoted lactones formation might occur as expected [24,25]. The fact that units of O-Boc in
lignin-p-BOC 2 (in 1 day) were less compared to those of lignin-p-BOC 3 (in 3 hours) from
quantitative *H NMR; it suggested that longer reaction benefited further reactions of O-Boc with
other free hydroxyls, resulting to less free hydroxyl. To achieve a structurally compatible polymer
blends based on lignin usually required a pretreatment of lignin by grafting short chains on isolated
lignin [30,31]. A simple reactive lignin without grafting group can potentially increase the highest
content of lignin for compatible polymer blends. To be reactive filler in new thermoplastic
composites, O-Boc groups on lignin-p-BOC are expected to be still reactive with other free
nucleophilic groups (such as aliphatic OHs, NHs) from thermoplastic during extrusion. In order to
demonstrate the possible reactivity, hydropropyl alkaline lignin [32] was selected as a model
substrate because it has excellent solubility in common deuterium solvents (CDCls/pyridine or de-
DMSO) and newly formed long chain hydropropyl groups can also act as free nucleophilic OHs
similar to those from thermoplastics.

Table 2. BOC modification of sulfite lignin with (Boc).0. 2

Ent Solvent (Boc)2 DMA Lignin-p- Aliphatic Aromatic Carboxy  Total free
ries O P BOC (g) OH OH licacid OH and acid
(mmol/g) (mmol/g) (mmol/g) (mmol/g)
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(mL)  (mg) (Number)  (%)° (%) (%) (%)

1 MeCN 2.5 339 0.23(7) 0.79(83) 0.43(17) 0.12 1.33 (75)
2  NaOHag. 25 339  048(8) 055(88) 0.19(63) 0.03(70)  0.77(85)
3> NaOHagq. 25 339 057(9) 0.88(81) 0.17(67) 0.12 1.17 (78)
4 NaOHaq. 25 0 0.19(10) 1.98(57) 0.26 (50) 0.13 2.37 (55)
5 NaOHaq. 1.2 339 057(11) 0.69(85) 0.27 (48) 0.10 1.06 (80)
6  NaOH ag. 2.5 100  0.47(12) 0.95(80) 0.31(40) 0.09 1.35 (74)
7¢  NaOHag. 1.5 100  0.62 (14) 1.06(77) 0.44 (15) 0.45 1.95 (63)
8 - - - Sulfite 4.64 0.52 0.10 5.26
lignin

a Reaction conditions: DMAP (339 mg) was added into a mixture of 2 N NaOH (5 mL), sulfite lignin (1g)
and Boc,0 (2.5 mL) with a stirring bar in a 20 mL vial. The solution was stirred at rt temperature for 1d; b:
The reaction was performed at rt for 3 hrs; ¢: Reaction conditions: DMAP (100 mg) was added into a
mixture of DI water (5 mL), industrial sulfite lignin (purity 60%, 2g) and Boc,O (1.5 mL) with a stirring bar
in a 20 mL vial; The solution was stirred at rt temperature for 3 hrs; d: Conversion percent of hydroxyls or
acid.

In order to prove that reactive extrusion with lignin-p-BOC is possible, polyethylene glycol (PEG)
was chosen for simple mixing with lignin-p-BOC at 60 ‘C for 1 hour in the absence of any other
reagent. The new PEG peaks on *HNMR spectra of products with PEG200 and PEGago indicated
that further reactions occurred as expected and PEG chains were introduced onto lignin core
successfully (Figure 3). This expected further reactivity can be potentially applied in extrusion
process for green composites as well, and might be easily extended to synthesis of various
biocompatible materials for biomedical application [33] like bioresorbable composite polymeric
implants [34] et.al, in which lignin-p-BOCs play both roles of crosslinkers and fillers.

Reactions in acetonitrile and in NaOH solution with Boc2O (molar ratio 1/1 to total hydroxyls) in
the presence of 10 wt% DMAP were parallel performed for 1 day. Isolated Boc modified product
from reaction in acetonitrile showed no signal of free hydroxyl or carboxylic acid on P NMR
spectra surprisingly. Samples became significantly insoluble in CDCls/pyridine or ds-DMSO after
modification, which indicated that intermolecular carbonation involved with O-Boc and other free
OH groups occurred as expected, forming larger polymers with intense cross-linked structure.
Interestingly, the degree of intermolecular reaction remarkably decreased when reaction was
performed in agqueous solution (NaOH) and Boc modified hydropropyl alkaline lignin (aliphatic
hydroxyls: 1.33 mmol/g) was fully soluble in CDClz/pyridine or de-DMSO, which showed that the
future reactive extrusion might also be tunable by controlling the moisture content (details see Sl).
For utilization of lignin, its random structure designed by nature is considered as a big disadvantage
even after modification; meanwhile components of plastic waste composite are well known to be
random in foreseen future in which two types of thermopolymers (aliphatic rich type and aromatic
rich type) prefer to interact with their own kind, leading to poor performance of new composite.
Common solution by using a single or several commercial binders (compatilibizers) would likely
not work well because of random components in waste composite; lignin-p-Boc is prospected to be
an ideal binder due to its random structure by nature and many reactive O-Boc functional groups
being able to covalently connect with thermopolymers in plastic waste. A random match [35] of
lignin-p-BOC and plastic waste composite enhanced by covalent bonding initialized by O-BOCs
may lead to a significant improvement on performance of new upgraded composite. In addition,
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lignin moiety as well-known antioxidant [36] in the new waste composite is expected to decrease
degradation of plastic waste during mechanical recycling as well as future repeated uses [37].
Removal of degradable lignin moiety under mild condition via breaking carbonate bond (formed by
O-Boc with terminal functional group of thermopolymers) and addition of a new batch of lignin-p-
Boc would make the quality of new composite in the next repeated use more consistent. In general,
the three advantages of “random match”, “casily breakable covalent bonding” and “reducing
degradation” by using lignin-p-BOC as a binder/anti-oxidant in upcycling of plastic waste might
contribute to a profitable circular plastics economy in the future (Scheme 3).

Lignin-p-BOC

Lignin-p-PEG 000 | — PEG peak

Figure 3. Comparison of lignin-p-BOC with further reacted product lignin-p-PEG2o00.

Potential application of lignin-p-BOC

Lignin-p-BOC as a reactive filler for
lignin-based biodegradable composite

@)
n— New biopolymers Oﬁﬂﬂﬁ
lignin —OBoc > 1 lignin —o)L

Reactive extrusion

= Biodegradable thermopolymers
with nucleophilic functional groups

Reactive extrusion 0

Plastic N Wf
waste Removal of lignin part | lignin :=—~0~ o
I o T T
D
Y K
Random match Core structure as antioxidant
to enhance compatibility to reduce-degradation

4
(Easily breakable bonding}

Note: 1. Carbonate bond is well known to be breakable under mild condition;
2. A subsequent washing with water or alkaline water could remove lignin
part easily.

Scheme 3. Potential applications of lignin-p-BOCs

3.5 Investigation on microbial degradation



Concerning Boc modification might have effect on degradation of lignin and with which fully
biodegradable single-used plastics [38], we evaluated the microbial (white rot fungus P.
chrysosporium) breakdown rate of both alkali lignin and alkali lignin-p-BOC in parallel according
to literature [39]. The presence of Boc groups in lignin obviously decreased the rate of degradation
by white rot fungus P. chrysosporium within 18 days (Figure 4), which is consistent with proposed
enzyme breakdown mechanism initiated from hydroxyl parts [40]. This finding is of much
importance to future design of “green plastics” with modified lignin as a major component in
balancing the stability in storage and biodegradability under landfill condition.

105
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Figure 4. Absorption change of alkali lignin and Boc-alkali lignin at 280nm.

4. CONCLUSIONS

In summary, a new type Boc modified lignin was synthesized under mild conditions with Boc.O
and the modification was generally tunable on the degree of Boc protection and preference on the
different hydroxyls by slight change of reaction conditions. Simple optimization indicated that Boc
modification occurred more efficiently in aqueous medium in the absence of any organic solvent,
and both types of commercial lignin (alkaline and lignosulfonate) were examined. This method
demonstrated to be very efficient in recovering lignin in high purity from industrial lignosulfonate
lignin (lignin content: 60%). This process not only combines the modification and pre-purification
in one pot, but also reuses the waste impurity (in industrial lignosulfonate lignin) as a base. The
modified lignin-p-BOC also shows potential as a reactive filler for new composites. The reactive
potentiality of O-Boc group with aliphatic OH was demonstrated in Boc modification of
hydropropyl alkaline lignin. Evaluation of the microbial breakdown rate of both alkali lignin and
alkali lignin-p-BOC in parallel indicated that the presence of Boc groups in lignin substantially
decreased the degradation rate. This new modification process after a system thinking of both lignin
industry and targeted applications, would likely increase its potency as an alternative practical
method for upgrade of technical lignins via a drop-in-change. [41] The three advantages of “random
match”, “easily breakable covalent bonding” and “reducing degradation” by using lignin-p-BOC as
a binder/anti-oxidant in upcycling of plastic waste might contribute to a profitable circular plastics
economy in the future.

Supporting Information. Data and spectrum of *H NMR, FT-IR and 3P NMR of lignin-p-BOC
prepared under different conditions as well as experimental details in microbial degradation of
alkali lignin and alkali lignin-p-BOC see are available free of charge in Supporting Information.
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