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Abstract

Depolymerized real lignin products are very complex mixtures. Comprehensive assessment of the decomposition efficiency
and characterizing of depolymerized products still remain extremely challenging. In this study, based on depolymerization
solution of commercially available sodium lignosulfonate under mild conditions, an improved method was well established
for characterization of real lignin depolymerized products using GC-MS, which enabled the detection of main 37 lignin-based
aromatic products. The effects of acid-catalyzed temperature, time and catalyst/lignin ratio on the depolymerization products
were systematically investigated. The result revealed that ~25 wt% of lignosulfonate was depolymerized into lignin-derived
aromatic products under optimized mild acid-catalyzed reaction conditions of 130 °C for 60 min with a catalyst/lignin ratio
of 2.334. Most of the identified products were common commercial compounds, while the obtained bisphenols were poten-
tial compounds for new applications such as bio-based polymer building blocks. Preliminary studies also highlight that the
depolymerization behavior seems to present selectivity to some extent during these specified acid-catalyzed reaction.
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Introduction and coal. However, the catalytic conversion of lignocellu-

lose have made great progress [2—4], most of those lignin

Lignin is an amorphous tridimensional polymer of three
primary phenylpropane subunits: sinapyl (3, 5-dimethoxy
4-hydroxycinnamyl), coniferyl (3-methoxy-4-hydroxycinna-
myl), and p-coumaryl (4-hydroxycinnamyl) alcohols, pre-
dominantly joined by p-aryl ether linkage [1]. Since lignin
is the richest renewable bioresource containing high-volume
of aromatic repeat units, significant efforts have been under-
taken to develop methods and processes to utilize lignin as
the feedstock for the large-scale industrial production of
aromatic compounds to reduce dependence on petroleum
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depolymerization techniques reported low yields of small
aromatic compounds and using harsh conditions with high
temperature and pressure due to the three-dimensional amor-
phous and complicated aggregated structure of real lignin;
while a number of studies had been conducted mainly on
small lignin model compounds, many of them failed to be
applied effectively for real lignin depolymerization. This
also hampers the development of standard protocols for
comprehensive assessment of conversion efficiency and
depolymerization products [5-13].

At present, the key commercial lignin products such as
lignosulfonate and Kraft lignin are extracted from lignocel-
lulosic delignification waste stream in the wood pulp pro-
cesses. Since the lignin extracted in the pulping processes is
considered as a low-quality and low-value-added by-product,
only about 2 percent of it (1 million tons) is recovered and
used for cement concrete, dispersing, and binding appli-
cations, etc.; the rest is incinerated on-site as a low-value
fuel for the production of process steam and energy [5, 14].
While lignosulfonate is considered less prone to catalytic
valorization owing to its high average molecular weight
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(MW ~50 kDa) and numerous sulfonate groups [15], there
are a limited number of reports on the depolymerization
of lignosulfonate. The most frequent studies are to oxidize
lignosulfonate in alkaline medium with O, or with metal salt
catalysts or under harsh conditions to produce few phenolic
compounds. The more notable one is to produce an artifi-
cial vanilla, a widespread flavoring agent in 2 to 8% yield
[16-21]. In an attempt to add value to this mass abundant,
renewable and low-cost industrial by-product, in our previ-
ous report, we proposed a simple one-step method for the
depolymerization of lignosulfonate under mild conditions
[22]. We reported for the first time an efficient size exclusion
chromatography (SEC) method for the separation and analy-
sis of lignin depolymerization products [23], which enabled
the detection of low-MW depolymerization products, which
had molecular masses of approximately 720, 490, and 260,
indicating that lignosulfonate was almost completely con-
verted into oligomers or small molecules. Since no mass
spectral libraries have been built for LC-MS analysis and
identification of lignin-derived aromatic compounds, screen-
ing and identification of depolymerization products was also
developed by the self-build online screening database via
ultra-high performance liquid chromatography tandem quad-
rupole time-of-flight Mass spectrometry (UPLC-QTOF-MS)
in MSE data acquisition mode, nine aromatic compounds had
been proposed therein [21-24].

Gas chromatography tandem mass Spectrometry
(GC-MS) mass spectral libraries enable the profiling of
low-MW volatile molecules. In this study, we describe an
efficient method for the separation and identification of
real lignosulfonate depolymerized products using GC-MS,
whereby, a detailed characterization of lignin depolymeri-
zation behavior under various reaction parameters and their
effect on depolymerization was then explored intensively.
Consequently, this preliminary work lays the foundation for
fine-tuning the reaction parameters for producing valuable
products with decent yields under mild acid-catalytic depo-
lymerization conditions.

Experimental
Chemicals and reagents

Sodium lignosulfonate (Mw ~ 50,000 Da) was purchased
from Aladdin Reagent Co., Ltd. (Shanghai, China). Ana-
lytical grade hydrochloric acid, sulfuric acid and phenol
were purchased from Xilong Chemical Corporation (China).
HPLC grade acetonitrile was purchased from Fisher Scien-
tific Hampton, NH, U.S.A.). 2, 6-dimethoxyphenol (greater
than 98% purity) was purchased from Energy Chemical
(China).
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Gas chromatography-mass spectrometry (GC-MS)
analysis

The Agilent Technologies 7890A-5975C gas chromato-
graph-mass spectrometer was used. Helium was used as
the carrier gas, the injection volume was 1 pL, and the
inlet temperature was set to 290 °C. The column tempera-
ture program was set as follows: maintain at 50 °C for
3 min, raise to 160 °C at a rate of 5 °C/min, maintain at
160 °C for 8 min, increase to 290 °C at a rate of 5 °C/min,
and finally, hold at 290 °C for 5 min. The MS ion source
setting was as follows: electron impact voltage, 70 eV;
ion source temperature, 230 °C; quadrupole temperature,
150 °C; solvent delay, 3 min; and full scan mode with
scanning range from 30 to 500 amu. The NISTOS library
was used for MS compound identification with the prob-
ability match more than 80%. The quantification of stand-
ard curves was performed in single-ion monitoring mode.

Lignosulfonate depolymerization and sample
preparation

50 g of phenol solvent was added to a round bottom flask
equipped with a condenser and a magnetic stir bar, which
was stirred in an oil bath. When the bath temperature
reached to 50 °C, a mixture of sulfuric acid and hydrochlo-
ric acid (10 mL) with mol ratio of H,SO,/HCI: 1:3) was
added first, and then 12.5 g of brown lignosulfonate pow-
der was added. The reaction mixture was stirred at 110 °C
for ~30 min, some white solid precipitate clearly observed
during reaction due to the formation of salt in situ [20-23].
It is worth to notice that lignosulfonate (SL) is quite sol-
uble in water but not soluble in organic solvents such as
phenol, methanol, acetone and acetonitrile. However, the
depolymerized lignin solution (DLS) is very miscible with
the aforementioned organic solvents. For preparation sample
detected by GC-MS analysis in this paper, 1 g of the depo-
lymerized lignin solution was extracted with 5 mL acetoni-
trile. After extraction step, the soluble fraction, containing
the majority of the lignin derived mass was obtained and
defined as “depolymerized soluble products” (DSP). The
acid-catalyzed lignosulfonate depolymerization reaction and
the product separation process are illustrated in Fig. 1. Con-
trol experiments were conducted without added the sulfuric
acid/hydrochloric acid mixture, lignosulfonate was not able
to be dissolved and depolymerized in the phenol solution
throughout the 30 min reaction time. The brown color pow-
der was separated by high-speed centrifuge filtration, and the
acetonitrile soluble fraction was used as the control blank
sample for GC-MS analysis. All extracted solution samples
hydrated with anhydrous sodium sulfate prior to injection.
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Fig. 1 The acid catalyzed lignosulfonate depolymerization and the product separation process

Results and discussion

Detection and identification of lignosulfonate
depolymerization products using GC-MS

Depolymerized real lignin products especially under harsh
conditions are very complex mixtures, for a comprehen-
sive assessment of the depolymerization efficiency and
understanding of decomposition components still remains
extremely challenging [3, 23-25]. Therefore, we believe that
it is very important to build an efficient method for sym-
metrically characterizing depolymerized products, which
could facilitate investigating the effects of variations on
depolymerization and thus the mechanism. For the depo-
lymerized solution of lignin under these mild conditions,
our gel-permeation chromatography results confirmed that
the high molecular mass of lignosulfonate was depolymer-
ized to small molecular weight species in higher yield for
the first time. Here the volatile chemicals in aforementioned
acetonitrile soluble samples were systematically investigated
by GC-MS.

In general, the columns play a central role in the GC-MS
analysis. Since GC-MS technique has some limitations on
analyzing nonvolatile oligomers and polar compounds such
as acids, qualitative analysis of the volatile products from
lignin depolymerization was usually reported to use kind of
nonpolarity column such as HP-5 MS type [16-119, 26.27].
In this paper, considering the very complex depolymerized
mixtures of real lignosulfonate, Agilent DB-1701 capillary
column with low/medium polarity (bonded with 14% cyan-
opropyl-phenyl)-methylpolysiloxane) was used to separate
and analyze the unknown depolymerized compounds since
this column has higher inertness and very lower column
bleed compared to a HP-5 ms nonpolar column bonded
with (5%-phenyl)-methylpolysiloxane phase. According to
the proposed GC-MS method in experimental section, the
GC-MS total ion chromatogram of the DSP sample was
processed within a longer retention time (RT) of 60 min in
full scan data acquisition mode to ensure detection of each
targeted compound. Furthermore, a single ramp temperature
program were suggested in this experimental method, and

the final oven temperature of 290 °C was set to get better res-
olution of peaks than 300 °C. Chromatographic separation
of the complex depolymerized lignin sample was possible
due to the high efficiency of DB-1701 column. More peak
signals were detected on the DB-1701 column compared
to the HP-5 MS, especially when the retention time were
locked between 25 and 40 min, as shown in Fig. 2, suggest-
ing that the improved inertness performance provided by
the DB-1701 column resulted in the most sharpest peaks. It
could be concluded that DB type column is more ideal for
the analysis of lignin depolymerized mixtures with good
mass spectral integrity. In contrast, except a phenol solvent
signal eluted first and formed a peak from 10 to 12 min, any
product signal was not observed in the total ion chromato-
gram of the control blank sample (see Figure S1 for details).
It confirmed that lignosulfonate can be quickly depolymer-
ized at this mild acid-catalytic condition.

Before analyses for a series lignosulfonate depolymer-
ized samples under specific parameter conditions, except
for a control blank sample, single standard sample of phe-
nol, 2, 6-dimethoxy- (identified in all samples) was com-
monly used to evaluate performance of GC-MS for the
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Fig.2 Spectrum of gas chromatography of DSP with the RT from 25
to 40 min detected by DB-1701 column. Inset graphics depict that of
DSP detected by HP-5MS column at the same RT range
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mentioned method through comparing the retention times,
resolution and peak height. Furthermore, 4-methyl-2,
6-dimethoxyphenol standard (not identified in any sam-
ples, not listed in this paper) was also used as an internal
standard to improve the reliability. The chromatograms
for this standards are shown in Figure S2. All identified
compounds must maintain a RT error of < 0.1 min. The
NISTO8 library was used for MS identification with a
minimum probability match of 80%. Total 37 key mono-
meric components were identified and listed in sequence
of RT, as shown in Tables 1, 2 and 3. Among them, 22
compounds could be detected by each column, while other
15 of them only be separated and detected with DB-1701
column (see compounds name labeled with an asterisk in
tables). It was noticeable that those compounds labeled
with asterisk included most of the low/mid polar com-
pounds such as phenolic -aldehydes -ketones, -esters and
-acids detected, illustrating that DB-1701 capillary col-
umn have high separation efficiency for weakly or medium

polar phenolic compounds, thus, DB-1701 column is more
suit for detecting the resultant depolymerized products of
lignosulfonate.

37 identified compounds can be categorized into mono-
phenols (13), bisphenols (7), phenolic —aldehydes (2), phe-
nolic —ketones (4), phenolic—acids (5) and phenolic-esters
(6) with 42.38%, 51.38%, 0.27%, 1.94%, 2.31% and 1.72% of
relative abundance (calculated by peak area), respectively. A
pie chart with the percentages of each class of compounds is
shown in Fig. 3. A combined yield of up to 93% of the total
identified volatile aromatics are lignin-derived monophenols
and bisphenols, while less than 7% of that were phenolic
-aldehydes, -ketones, -esters and acids. Most of compounds
are simple aromatics containing phenolic hydroxyl or lignin-
specific phenolic methoxy functional group, suggesting
those compounds are generated by directly breaking down
the phenylpropanoid building blocks of lignin, therefore, the
phenolic structural units remain intact under mild acidoly-
sis conditions. A few other phenolic -aldehydes, -ketones,

Table 1 Main Mono-phenols from depolymerized soluble products identified by GC-MS

RT Compound names Formulae Mono-phenols (Alkyl, Alkene, Alkoxy) (13)
15.13 Guaiacol C,Hg0, [ s & _
sl v

15.51 Phenol, 2-methyl- * C;HzO0 Q o
16.37 Phenol, 4-methyl- C,HO . >‘Q°“
17.20 Phenol, 2-methoxy-4-methyl- * CgH, 10, & HO A
18.65 Phenol, 4-ethyl- CgH,,0 HO” X 07 D ~o o~
20.06 Phenol, 4-(1-methylethyl)- CoH,,0 on Mo o
20.78 1,2-Benzenediol, 3-methoxy- C,;Hg04 ‘o
22.17 1,2-Benzenediol CHO, o ﬁo\ H0<@»0H
22.35 2,6-Dimethoxyphenol CgH (05 -
23.05 Phenol, 3,4-dimethoxy- * CgH 105 g }
25.28 Hydroquinone* C¢HeO, /@ g
31.27 Phenol, 3,4,5-trimethoxy- C,H,,0, YT LT

P =
35.52 Phenol, 2,6-dimethoxy-4-(2-propenyl)- C,;H,,0;

Table 2 Main bisphenols from depolymerized soluble products identified by GC-MS

RT Compound names Formulae Bisphenols (Alkyl, Alkene) (7)
46.66 Phenol, 2,2'-methylenebis- C3H,,0, OH  OH p
oH
46.87 2,4'-Dihydroxy-stilbene C4,H,,0, A A M
4731 Ph O A
. enol, 2-[(4-hydroxyphenyl)methyl] C,H,,0, SOV NAVAS
48.24 4,4'-Diisopropylbiphenyl CysHy, "
Ho OH o
49.29 Phenol, 4,4'-methylenebis- C;3H,,0, w
49.66 4,4'-Ethylidenediphenol C4H,,0, 4
50.34 Phenol, 4,4’-(1-methylethylidene)bis C;5H,60,

HO, OH
N 4
Qg
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Table 3 Main Aldehydes, Ketones, Acids, Esters from depolymerized soluble products identified by GC-MS

RT Compound names Formulae Aldehydes, Ketones, Acids, Esters
24.92 Vanillin* CgHgO4 Aldehydes, Ketones (6)
OH 3
e e
29.08 Benzaldehyde, 4-hydroxy- C,H,0, \ .
32.36 Acetophenone, 4'-hydroxy-(Piceol)* CgHgO, W ) /@m
37.74 Ethanone, 1-(4-hydroxyphenyl)-2-phenyl-* C,,H,,0, TN \
40.75 4’-Phenylpropiophenone * CsH,,0 O O
46.06 Methanone, C,3H,0; O - O
2-hydroxypheny!)(4-hydroxyphenyl)- ) )
(2-hydroxyphenyl)(4-hydroxyphenyl) Acids. Esters (11)
31.38 Benzoic acid, 4-hydroxy-, hydrazide C,0H,0; , .
38.55 Benzoic acid, 4-hydroxy-3,5-dimethoxy- u \@‘/’“( ., ?
CoH ;405 / n ﬁ\f
39.60 Benzen.eacetic acid, 4—hydfoxy—.3—methoxy— CoH;,04 P:Nx\/\\NjL Q O /\<
40.29 (1,1'-Biphenyl)-4-propanoic acid * C,sH,,0, N . ~
43.04 2-(4-Methylphenyl)benzoic acid * C;sH,,0, ‘ fiBh ; i
23.45 2-Hydroxyphenylacetic acid, methyl ester * CoH,,04 @Q\\> )\:
31.02 Benzeneacetic acid, 4-hydroxy-, methyl ester * CoH,,04 =
34.58 Benzenepropanoic acid, 4-hydroxy-, methyl ester * C,oH,,0;3 . o
39.60 Benzeneacetic acid, 4-hydroxy-3-methoxy-, C,oH 5,0, { } % / “"\Q\/\(U\
methyl ester * ) \ 0
40.84 2-Propenoic acid, 3-(4-hydroxy-3-methoxyphenyl)-, C, H,,0, \D\)K/ »\)L\O\
methyl ester i ;@
55.22 Methyl 3-(1-formyl-3,4-methylenedioxy)benzoate C6H,,05

9
TN
c

*An asterisk at the right upper of compound name refers to the product detected only with DB-1701 capillary column

42.38

[ 1Monophenol (13)

W2 Biphenol(7)
B Aldehyde (2)
I Ketone (4) |
B Acid (5) £
R Ester (6)
1.72
2.31
1.94
0.27

Fig.3 A pie chart with the percentages of the detected six categories
of aromatic compounds

-acid, -ester and olefinic compounds seem to be produced
through hydrolysis or oxidation, which might be used to
investigate the reaction mechanisms in future work. These
lignin-derived (C;—C,¢) aromatic compounds have one or

two benzene rings and contain phenolic hydroxyl or lignin-
specific phenolic methoxy functional groups, are valuable
phenolic intermediates for pharmaceuticals and fine chem-
icals, which can be used directly to prepare well-defined
resins (e.g., epoxy) and bio-based nanocomposites [27-29].
Furthermore, many of these natural depolymerized com-
pounds detected herein were first reported, especially, more
added valuable bisphenols, preferably obtained through this
mild acid-catalytic lignosulfonate depolymerization proce-
dure, retaining most of the functionality presented in the
natural feedstock [27].

Investigation of effects on lignosulfonate
depolymerization products using GC-MS

Based on the relative peak area, identified 9 products with
more abundant were selected as representative compounds
for quantification evaluation of various reaction parameters
and their effect on lignin depolymerization behavior. Pre-
liminary study found that higher temperature or concentrated
acidic catalyst possibly lead to partial degradation and even
carbonization of the native structure, parameters ranges were
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Table 4 The nine
depolymerized aromatic
products and reaction parameter

Z
o

Compound names

Parameter ranges

Guaiacol

ranges

O 0 N O L AW N =

1,2-Benzenediol, 3-methoxy-

Phenol, 2,6-dimethoxy-
Phenol, 2,6-dimethoxy-4-(2-propenyl)-

Temperature: 70-130 °C;
Time: 30-120 min
catalyst/lignin ratio: 0.5~3.5

Phenol, 2,2'-methylenebis-

Phenol, 4,4'-methylenebis-
4,4'-Ethylidenediphenol

2,4'-Dihydroxy-stilbene

Benzenepropanoic acid, 4-hydroxy-, methyl ester

1.8x10° q

0583
| 1167
2334
I 3.500

1.6x10° o
1.4x10° 4
1.2x10° o OH
1.0x10°
8.0x10"
6.0x10" |
4.0x10"

2.0x107 -

-2.0x10

Fig.4 Variations of peak area for the nine depolymerized products
under different catalyst/lignin ratio

thus set under relatively mild conditions, which together
with 9 compounds name were listed in Table 4. According
to the depolymerization and separation process established
in experimental section, lignosulfonate depolymerized sam-
ples under different parameter conditions were obtained, and
characterized using GC-MS equipped with DB-1701 type
column.

Catalyst/lignin mol ratio of 0.583, 1.167, 2.334 and 3.500
were selected to investigate of effects of catalyst content on
depolymerization. The results are shown in Fig. 4, when
depolymerization lignosulfonate was processed at 110 °C
for ~ 30 min, the abundance of the 9 depolymerized products
increased as the catalyst/lignin ratio increased, illustrating
that catalyst content had certain effect on depolymerization
reaction, especially for there was a remarkable increase when
catalyst/lignin ratio was around 1.167 and 2.334, while tiny
increase presented for ester and olefin compounds when cat-
alyst/lignin ratio w Phenol, 2, 6-dimethoxy-,as higher than
1.167. However, the black residue that exhibited good water
solubility occurred when catalyst/lignin ratio was 0.583,
suggesting that lignosulfonate fail to fully convert into low
molecular components; while insoluble char was observed
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Fig.5 Variations of peak area for the nine depolymerized products
under different reaction temperatures

when catalyst/lignin ratio was up to 3.500. It can assume that
lignosulfonate was depolymerized efficiently with catalyst/
lignin ratio around 2.0-3.0 without carbonization.

The abundance of most depolymerized products
increased as the reaction temperature increased from 70 to
130 °C for~30 min when catalyst/lignin ratio was 2.334,
as shown in Fig. 5. It was noticeable that there was a sharp
increase around 130 °C for some monophenols (NO. 1-3)
such as guaiacol, 1,2-benzenediol, 3-methoxy- and phenol,
2, 6-dimethoxy-. While others remained tiny variations from
70 to 110 °C, and bisphenols (NO. 5-8) even decreased
when temperature was up to 130 °C, indicating that those
compounds could be completely formed at lower tempera-
tures of depolymerization, and easily transferred into new
compounds through functionalization reaction at higher tem-
perature possibly, possibly due to the active nature.

Variations of peak area for the nine depolymerized prod-
ucts under different reaction times were shown in Fig. 6.
As the reaction time increased from 0.5 h to 1.5 h, there
were gradually increase for most products (NO. 1-3, 5-8),
it was found that there was a sharp increase for Phenol, 2,
6-dimethoxy- when the reaction time was up to 2 h,, While
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Fig.6 Variations of peak area for the nine depolymerized products
under different reaction times

H
v N\F

HO'

5

other 3 ester and olefin compounds (NO. 4, 8 and 9) remain
low abundance all the time, and olefin compounds even
decreased when reaction time was up to 2 h (NO. 4, 8),
further confirmed that some compounds completely formed
at the beginning time of depolymerization and at lower tem-
perature as well, and converted into new compounds through
further reaction at higher temperature for longer time.
Based on above investigation, it can be concluded that
acid-catalytic reaction temperature, time and catalyst/
lignin ratio all have significant effect on depolymeriza-
tion efficiency. The mild acid-catalyzed reaction of ligno-
sulfonate afforded phenolic depolymerization products
quickly and directly. All nine representative compounds
could be detected under different parameter conditions,
most of them increased as reaction time, temperature and
catalyst/lignin ratio increased, suggesting that lignosul-
fonate could be selectively depolymerized into specific
products. while a few bisphenols or ester compounds
could be achieved completely at the very beginning of
depolymerization reaction under very mild conditions and
decreased at higher temperature for more than 2 h, possibly
due to functionalization or recondensation reaction [30].
Obviously, this acid-catalyzed reaction appears to involve
a combination of depolymerization under mild conditions
and partial functionalization reaction under severity condi-
tions. A large amount of aromatic compounds were even-
tually produced under optimized mild depolymerization,
e.g., acid-catalyzed reaction at 110-120 °C for 1.5-2 h
with catalyst/lignin ratio of 2.5-3.0, no insoluble char was
observed during the reaction, and phenol, 2, 6-dimeth-
oxy- was most abundant. Since we did not get most stand-
ards of the identified products, and considering 93 wt% of
the total identified volatile aromatics are lignin-derived

monophenols and bisphenols, phenol, 2, 6-dimethoxy-
was used to create a standard curve (see figure S3 for
details) for quantification evaluation of these approximate
products. Based on the relative peak area, 37 identified
components was quantified with the total concentration
of ~20 mg/mL in DSP solution ((a combined yield of up
to 25 wt% of the initial lignosulfonate calculated by the
mass balance), which was obtained under optimized reac-
tion conditions of 130 °C for 60 min with catalyst/lignin
ratio of 2.334.

Conclusion

An efficient method for the analysis of depolymerized
lignosulfonate products and depolymerization efficiency
has been developed. The total 37 aromatic compounds of
the depolymerized lignin solution were well-separated and
directly characterized with a GC-MS system equipped with
a DB-1701 capillary column. The acid-catalyzed reaction
under optimized conditions afforded key volatile components
including mono-phenols, bisphenols, phenolic —aldehydes,
phenolic —ketones, phenolic—acids and phenolic-esters with
the yield of up to 25 wt% of the initial lignosulfonate. This
work further confirmed that lignosulfonate was almost
completely converted into low MW compounds under opti-
mized acid-catalytic conditions, a new path toward preparing
value-added industrially relevant aromatics from low-cost,
renewable lignosulfonate is revealed. Aromatic monomers
obtained in this work could be a potential material for new
applications such as bio-based polymers or polymer build-
ing blocks. To fully elucidate the mechanism and provide
more data for fine-tuning the conditions for producing higher
value products; currently we are working on developing
method for isolating and identifying the nonvolatile oligom-
ers from depolymerization solution..
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