Lignin Organosolvolysis from Autohydrolyzed Corn
(Zea mays) Stalks: Ozonation of both Solvolytic

Solid and Juice

J. QUESADA, M. RUBIO, D. GOMEZ

Department of Chemical Engineering, Faculty of Chemistry, University of Murcia, Campus of Espinardo,

30071 Murcia, Spain

Received 27 February 1997; accepted 1 November 1997

ABSTRACT: The solubility of lignin from autohydrolyzed corn (Zea mays) stalks in differ-
ent organic solvent—water mixtures and conditions was studied. The best lignin solvent
was selected according to its lignin extraction capacity and its low reactivity to ozone.
Both the organosolvolytic solid and juice obtained in optimal conditions, 75/25 (v/v)
acetone—water mixture at 210°C for 45 min, and the autohydrolyzed material were
treated with ozone, and the reaction products were determined by gas chromatography—
mass spectrometry and gas chromatography—flame ionization detection. The concept
of the solubility parameter (6-value) was applied to explain the effect of the solvent-
to-water ratio on lignin solubility. The é-value of the lignin dissolved was 13.8 (cal/
cm?®)2, The é-value of the various solvent—water mixtures was also calculated. The
experimental delignification capacity of the aqueous organic solvents clearly reflects
the proximity of their §-value to that of lignin. In other words, the closer the é-value
of the aqueous organic solvent to that of lignin, the more effective it is; the hydrogen-
bonding capacity of the solvent—water mixtures was also taken into account. The follow-
ing acids were identified during ozonation: glycolic, oxalic, malonic, glyoxylic, butanedi-
oic, malic, p-hydroxybenzoic, vanillic, and syringic. In addition, syringaldehyde, vanil-
lin, p-hydroxybenzaldehyde, and hydroquinone were identified. Ozonation of the
organosolvolytic juice led to the formation of the oxyaromatic compounds, which were
destroyed during treatment. This destruction was accompanied by the generation of
aliphatic acids. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 68: 1867—1876, 1998

Key words: corn stalks; ozone; lignin; solubility; gas chromatography—mass spec-
trometry

INTRODUCTION

Plants are an important source of organic raw
material due to the rich variety of products that
can theoretically be obtained by different treat-
ments. Among such treatments, the sequential
fractionation of the principal lignocellulose poly-
mers with no added chemical reagents makes it
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possible to obtain different polymers selectively
and in the minimum state of degradation. The
first stage of fractionation consists of solubilizing
the hemicelluloses in an aqueous medium (auto-
hydrolysis) by means of thermomechanical pro-
cesses to leave a solid material composed of
mainly cellulose and lignin. In a second stage, the
lignin is solubilized in organic solvents (organo-
solvolysis), leaving a solid residue almost totally
composed of cellulose. Such organosolvolytic pro-
cesses are currently used on an industrial scale
to obtain cellulose suitable for papermaking by
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solubilizing the lignin and hemicelluloses in one
step. Autohydrolytic processes involving sudden
decompression cause the material to break up,
which means that the resulting cellulose cannot
easily be used by the paper industry.! However,
if the different polymers can be separated, they
can be used individually, and the whole process
becomes more profitable.

One of the ways of using the lignin fraction is
to oxidize it to produce compounds, principally of
an oxyaromatic nature, which are commercially
interesting for the cosmetics and pharmaceutical
industries.? Among the oxidants available, ozone
is of great interest because it induces rapid reac-
tions at ambient temperature and pressure.

Plant materials are treated with ozone for sev-
eral reasons, including the following:

1. To prepare chemical paper pulps, the ozone
markedly reduces the lignin content and, to
a lesser extent, that of hemicelluloses, leaving
the cellulose almost unaffected.? Pulps with a
high carbohydrate content (78% of the initial
content) are thus obtained.

2. To obtain cattle feed, the treated material
shows higher in-vitro digestibility values
than the raw material.*~"

3. To produce chemicals, small doses of ozone
give oxyaromatic compounds,® while high
doses can be used to produce low-molecular-
weight carboxylic acids.’

In the present article, we shall first determine
the optimal organosolvolysis conditions for solubi-
lizing lignin from autohydrolyzed corn stalk, us-
ing solvents that do not react strongly with ozone.
Secondly, the organosolvolytic extract is treated
with ozone, and the evolution of the reaction prod-
ucts, especially those of an oxyaromatic nature, is
observed.

MATERIALS AND METHODS

Materials

Raw corn (Zea mays) stalks from Murcia (Spain)
were dried at ambient temperature, ground in a
hammer mill, and sieved to a particle size of 0.2—
0.5 mm. This fraction was extracted in soxhlet
with a 7/3 (v/v) ethanol-toluene mixture and
then with water before being submitted to autohy-

drolysis at 220°C for 3 min in the steam explosion
device of the Chemical Engineering Department
at Sherbrooke University (Quebec, Canada).'
The treated material was extracted with abun-
dant water at ambient temperature and then with
1 L of boiling water, and was denominated steam
explosion autohydrolyzed material (SAM). The
SAM consisted of the following: 56.7% cellulose,
4.0% pentosans, 28.1% lignin, 5.1% ash.

Equipment and Experimental Conditions
Organosolvolysis

The experimental device consists of a stainless
steel cylindrical autoclave of 300 mL capacity,
into which the suspension to be treated is loaded
in batches. The autoclave is introduced pneumati-
cally by a mechanical arm into a smelted salt
bath, which permits the reaction mass to reach
the desired temperature in less than 6 min. Mean-
while, the autoclave is continuously shaken orbit-
ally. After the reaction time, the reactor is re-
moved from the salt bath and introduced in a wa-
ter bath to stop the reaction.™

150 mL of organic suspensions containing 6%
SAM by weight were prepared and left for 1 h
before the process was started. The reaction was
carried out by applying high temperatures and
with no added acid catalysts since these cause
cellulose loss and lignin condensation.'? Nitrogen
was introduced into the autoclave up to 2.5 MPa.
The experimental conditions were as follows: ace-
tone, ethanol, ethylene glycol and dioxane sol-
vants; solvent—water ratios, 100/0, 75/25, and
50/50 v/v; temperature, 175 and 210°C; and ex-
traction time, 15, 30, and 45 min. After treatment,
the solid and liquid phases were separated by fil-
tration, and the solid was washed with 75 mL
of the solvent mixture and was denominated as
organosolvolytic solid (OSS). The liquid phase
and the wash liquid were mixed to make up the
organosolvolytic juice (OSJ).

Ozonation

Ozone was generated by passing pure oxygen at an
absolute pressure of 0.123 MPa through an air-
cooled cold plasma reactor (Anseros, GMF-4). The
ozonated gas was humidified to saturation by bub-
bling through water in a glass gas washing flask
when wet solid materials were treated. The ozona-
tion was carried out in a glass standard fixed bed
semicontinuous reactor of 350 mL capacity fitted
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with a sintered glass plate at the bottom, through
which the ozone entered into contact with the mate-
rial. The ozone in the gaseous stream was mea-
sured continuously by an ultraviolet (UV) spectro-
photometric analyzer (Anseros, Ozomat GM-19).
The analyzer was calibrated according to norm 001/
87 (F) of the International Ozone Association. The
residual ozone was destroyed catalytically before
being released to the atmosphere. All the gas flows
of the system were controlled automatically by
means of MF Controller Ucar regulators.

6 g of solid material (7.5% moisture) were hu-
midified to 60% moisture.'® The moistened mate-
rial was covered and kept overnight shaded from
any light source and further treated at room tem-
perature for 20 min by applying an oxygen—ozone
flow rate of 35 L/h with an ozone concentration
of 40 g/m?. The compaction degree of the material
in the reactor (1.4 cm high bed) and the operating
pressure (0.123 MPa) were kept as constant as
possible in all the experiments. After reaction,
nitrogen was passed through the material to de-
sorb the excess ozone. The treated material was
extracted with 100 mL of water for 30 min at
room temperature. The solid and liquid phases
were separated by filtration, and the liquid was
brought to 100 mL after passing through a 0.45
pm filter. 10 mL were lyophilized, silylated, and
analyzed by gas chromatography (GC).

In another experiment, 100 mL OSdJ, obtained
in optimal conditions, were exposed at room tem-
perature to an oxygen—ozone flow rate of 45 L/h
with an ozone concentration of 40 g/m?®. Samples
(7 mL) were taken at different reaction times
and exposed to a stream of nitrogen for several
minutes to remove dissolved ozone. The samples
were evaporated to dryness, silylated, and ana-
lyzed by GC.

Analytical Methods

Klason lignin, pentosan, and cellulose contents
were determined by applying the ASTM D1106-
56, ASTM D1787, and ASTM D1103-60 norms,
respectively.

Spectrophotometric measurements of the aque-
ous extracts were made in an UV-160A/UV-VIS
Shimadzu Recording Spectrophotometer at 254
nm, which qualitatively reflected the overall con-
centration in aromatic compounds.

Silylation was carried out by adding 200 uL of a
pyridine solution containing 5 mg/mL of palmitic
acid (internal standard), 1 mL of bis(trimethylsi-

Iyl)trifluoroacetamide (BSTFA), and 50 uL of tri-
methylchlorosilane (TMCS). The mixture was
stirred continuously at 60°C for 30 min, and a 1.5
pL sample was analyzed by GC. The following
equipment was used. (1) a Hewlett Packard 5890
Series II coupled to a Hewlett Packard 5972 quad-
rupole mass spectrometer of 70 eV fitted with a
HP-5 capillary column (30 m X 0.25 mm i.d., 0.25
pm film) and a splitless mode injection, and NIST
database was used to identify compounds. (2) A
Konik KNK-3000-HRGC with flame ionization de-
tector (FID) equipped with an OV-101 capillary
column (25 m X 0.33 mm o.d., 0.25 ym film), and
a split mode injection (25/1 ratio). Helium was
used as carrier gas at a constant flow rate of 1
mL/min. The temperature programming was 10
min at 90°C, 5°C/min to 205°C, 8°C/min to 250°C,
and 15 min at 250°C. The injector temperature
was 250°C, and that of the detector was 275°C.
Compounds were considered to be positively iden-
tified when their mass spectra and GC retention
times agreed with those of authentic samples that
were obtained from commercial sources. The
error in the determination of all the compounds
was *+3.1%.

RESULTS AND DISCUSSION

Organosolvolysis

The best solvent was chosen according to its delig-
nification capacity and according to its resistance
to ozone attack.

Despite its capacity as a lignin extracting
agent,'* ethylene glycol was not considered be-
cause of its high viscosity, which hinders separa-
tion of the suspension; its low vapor pressure,
which makes it difficult to recover by distillation;
and, principally, its high degree of reactivity with
ozone. The values obtained for SAM extractability
in a reflux extractor at 60°C for 2 h using an 82/
18 (v/v) dioxane—water mixture'® were practi-
cally the same as those obtained with a 75/25
(v/v) acetone—water mixture,'® 15.5 y 15.4%, re-
spectively. Furthermore, dioxane reacted strongly
with the ozone, as was evident from the appear-
ance of a great variety of reaction products, com-
pared with those obtained with acetone, which
remained practically unaffected even at long
treatment times (60 min). Ethanol also reacted
with ozone, although it gave rise to few reaction
products. Therefore, both acetone and ethanol can
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Table I Organosolvolysis of Lignin with Acetone-Water Mixtures

175°C 210°C

Ac : H,O 15 min 30 min 45 min 15 min 30 min 45 min
50 : 50 E? 16.7 20.0 16.2 20.8 20.0 19.7
L® 17.0 18.9 16.6 16.0 15.4 14.8
De 49.3 46.1 50.5 54.6 56.1 57.4
75 : 25 E 189 15.0 18.6 20.7 22.9 21.7
L 15.4 14.6 14.0 13.9 14.0 12.9
D 55.5 55.8 59.4 60.6 61.5 63.9
100:0 E 8.1 9.3 8.7 7.1 6.2 9.8
L 22.8 22.1 22.2 23.3 22.4 21.8
D 25.1 28.2 27.7 22.6 24.9 29.9

2 E: Extractibility (g solubilized material/100 g dry initial material, %).

® L: Klason lignin (%).

¢ D: Delignification (g solubilized lignin/100 g initial lignin, %).

be used to obtain lignin solutions for subsequent
ozonation. The organosolvolytic conditions were
chosen according to previous unpublished work.
Tables I and II show the most relevant results
obtained during organosolvolysis with acetone—
water and ethanol—water mixtures, respectively.
In the case of the acetone—water mixtures, a
slight increase in delignification between 15 and
45 min was obtained whatever the temperature
applied (Table I). The highest temperature
(210°C) was more effective for the same time and
acetone-to-water ratio. Moreover, the use of the
75/25 (v/v) acetone—water mixture produced the
highest degree of delignification whatever the
temperature and extraction time. The use of the
ethanol-water mixtures increased the delignifi-

cation, which took place between 15 and 30 min,
although this decreased at 45 min (Table IT). This
result agreed with that reported by Heitz,'” who
pointed to the adverse effect of ethanol on delig-
nification when the severity of the treatment
was increased, possibly due to lignin condensa-
tion. The application of the highest temperature
brought about better results for the same time
and ethanol-to-water ratio. As in the above case,
the use of the 75/25 (v/v) ethanol—water mixture
produced the best results whatever the tempera-
ture and extraction time applied. These findings
imply that during organosolvolytic pulping pro-
cesses, such as cooking and washing, the optimum
acetone—water and ethanol—water concentration
for lignin removal is around 75/25 (v/v).

Table II Organosolvolysis of Lignin with Ethanol-Water Mixtures

175°C 210°C
EtOH : H,0 15 min 30 min 45 min 15 min 30 min 45 min

50 : 50 E? 13.2 144 14.6 16.1 18.4 19.6
L’ 21.1 19.8 20.3 21.2 19.8 18.7

De 34.6 39.4 38.1 36.4 42.2 46.1

75 : 25 E 15.9 16.8 16.3 194 22.8 22.1
L 18.0 17.2 17.8 14.7 14.5 15.9

D 46.0 49.0 46.7 57.6 59.9 55.8

100:0 E 12.0 20.9 11.5 11.6 12.4 12.9
L 22.0 21.8 21.1 20.4 20.6 20.1

D 30.9 38.4 33.1 35.4 35.7 37.3

2 E: Extractibility (g solubilized material/100 g dry initial material, %).

* L: Klason lignin (%).

¢ D: Delignification (g solubilized lignin/100 g initial lignin, %).
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The effect of the solvent-to-water ratio on SAM
lignin solubility can be explained by the theory of
solubility parameters (é-value); that is, maxi-
mum solubility occurs when the §-value of the sol-
vent is close to that of lignin and when the hydro-
gen-bonding capacity of the solvent increases as
it is in an optimal é-value. Therefore, to apply
these concepts, the §-value of the lignin dissolved,
and those of the different solvent—water mixtures
were determined.

The 6-Value of the Lignin Dissolved

The solution of a network polymer like lignin re-
quires fragmentation by chemical reaction or or-
ganosolvolytic treatment. Fragments obtained
by random cleavage would be expected to be of
various sizes and chemically heterogeneous. The
lignin fragments solubilized from SAM, whose
6-value was determined, were obtained at 210°C
for 45 min using the 75/25 (v/v) acetone—water
mixture. These conditions led to the maximum
degree of lignin solubilization observed (63.9%)
and produced an OSJ with a concentration in or-
ganic matter of 7.8 g/L, composed of 87% lignin
and 13% hemicelluloses (equivalent to 92.5% of
their solubilization). The fact that a low deligni-
fication degree (63.9% as maximum) was reached
could be explained because of the condensation of
lignin during autohydrolysis.'® Chromatographic
analysis of this juice revealed the presence of
small quantities of organic acids and phenolic de-
rivatives produced by cleavage of the 3—0—4
type B—arylether linkages,' indicating the par-
tially degraded nature of the solubilized lignin.
The following quantities refer to the compounds
identified in the OSJ, expressed in g/100 g of mat-
ter in the OSJ: glycolic acid, 0.20; oxalic acid, 0.24;
malonic acid, trace; glyoxylic acid, trace; p -hydro-
xybenzoic acid, 0.07; vanillic acid, 0.15; p-hydro-
xybenzaldehyde, 0.15; vanillin, 0.38; syringalde-
hyde, 0.25; and hydroquinone, 0.14.

One of the methods proposed in the literature
for estimating the 6-value of a polymer is based
on the atomic and functional group contribution
when the structure of the repeating unit of the
polymer is known. Data concerning the atomic
and functional group contribution to the heat of
vaporization and the molar volume are avail-
able.?® This method is based on the assumption
that

CH,OH CH,OH CH,OH
c—i HC—§ HC—}
I i ]
CH Hc—o——§ C=0
OCH; HsCO OCH,
7 7 7
MW AN A
I 1 11

Figure 1 Typical phenylpropane units of lignin.

E = z Aei
and
V= Z Al)i

where the Ae; and Av; are the additive atomic
and functional group contribution for the energy
of vaporization () and molar volume (V'), respec-
tively. The 6-value is then calculated by the fol-
lowing equation:*!

6= (E/V)'?

To calculate the 6-value of the lignin dissolved,
the structural elements and functional groups of
this lignin need to be known. Lignin is largely
made up of three repeating units, structures I, II,
and III (Fig. 1), representing the guaiacyl (G),
syringyl (S), and p-hydroxyphenyl (H) type phe-
nylpropane units, respectively. A molar ratio for
G:S:H of 2:1:5.3 was obtained for our lignin, as
indicated below during the ozonation experi-
ments.

The 6-values for structures I, II, and III are
then calculated, as shown in Table III. Av, is a
correction factor for divergence in the V values,
which for lignin is 18 cm®/mol.?? The é-values thus
obtained are 13.5, 12.9, and 14.1 (cal/cm?®)/?, re-
spectively. The average solubility parameter for
the lignin dissolved from SAM is therefore 13.8
(cal/ecm®)''2, in consideration of its molar ratio.

The 8-Value for the Solvent—Water Mixtures

According to Schuerch,?® the §-value for low-mo-
lecular-weight liquids can be calculated as

8§ =[(AH — RT)- p/My]""?
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Table IIT Solubility Parameter (6-Value) of the
Lignin Dissolved

Ae,- Avi
Atom or Group (cal/mol) (cm®mol)
Structure I
OH 7120 10.0
CH, 1180 16.1
C= 1030 -5.5
CH 820 -1.0
Phenyl (trisubstituted) 7630 33.4
CH; 1125 33.5
2x0 2 X 800 2 %X 3.8
Av, 18
Total 20505 112.1
Structure IT
OH 7120 10.0
CH, 1180 16.1
2 x CH 2 x 820 2x(-1.0)
Phenyl (tetrasubstituted) 7630 144
2 X CHj 2 X 1125 2 % 33.5
4x0 4 x 800 4 x 3.8
Av, 18
Total 23020 138.7
Structure III
OH 7120 10.0
CH, 1180 16.1
CH 820 -1.0
C= 1030 -5.5
Phenylene (p) 7630 52.4
2x0 2 X 800 2 x 3.8
Av, 18
Total 19380 97.6

where AH is the vaporization heat in cal/mol, T
is the boiling point in K, p is the density in g/cm?,
and My is the molecular weight in g g~* mol *.
The required data concerning vaporization
heat, boiling point, and density were obtained
from Perry et al.?* The results are resumed in
Table IV. It shows that the 6-value of the acetone—

water and ethanol—water mixtures increases as
their water content increases.

In the case of the ethanol—water mixtures, Coccia
et al.”® found that the hydrogen-bonding capacity
hardly changes as an increasing amount of ethanol
is added to water. As regards the acetone—water
mixtures, Schuerch? found that when water [hy-
drogen-bonding capacity, 6y = 19.7 (cal/cm®)'?]
is mixed with acetone [é6y = 5.3, 6-value = 9.4
(cal/cm?®)Y'?], a solvent which has a 6z lower than
that of water and a é-value of 9 or greater, the
solubility of lignin is greater in the mixture than
in either solvent alone. The hydrogen-bonding ca-
pacity of the acetone—water mixtures is greater
than that of one individual solvent.?®

Based on the 6-value theory, the lignin shows
maximum solubility when the é-value of an ace-
tone—water and ethanol-water mixture is close
to its own. Therefore, one would expect that the
lignin fragments [§-value = 13.8 (cal/cm®)'/?]
generated would show the maximum solubility
when the 6-value of an acetone—water and etha-
nol-water mixture is around 13.8 (cal/cm?®)"/2.
The maximum solubility of the lignin observed
in this study corresponded to acetone—water and
ethanol-water mixtures of 75/25 (v/v) whose 6-
values were indeed the closest to that of lignin.
These conditions mean that both low- and high-
molecular-weight lignin fractions dissolve in
these solvents because of their good hydrogen-
bonding capacity.

Moreover, the further the 6-value of the solvent
used is from that of lignin, the less capacity it
should have to solubilize lignin. Thus, of the ace-
tone mixtures used, the 75/25 (v/v) mixture
(6-value, 13.56) was better than the 50/50 (v/v)
mixture (6-value, 16.70), while the pure acetone
(6-value, 9.40) which showed the 6-value furthest
from lignin produced the worst results. The same
occurs with ethanol, the 75/25 (v/v) mixture (6-
value, 14.18), being followed by the 50/50 (v/v)

Table IV Solubility Parameters (6-Values) of the Different Solvent Mixtures

EtOH EtOH—HQO EtOH—H20 AC—HQO AC—Hzo
Pure (75/25, v/v) (50/50, v/v) Ac Pure (75/25, v/v) (50/50, v/v)
AH (cal/mol) 9214 8032 6948 7200 8071 8450
T (°K) 351.0 352.0 354.8 329.25 333.45 337.08
p (g/em?) 0.7851 0.8634 0.9230 0.7840 0.8681 0.9274
My (g g7 mol™) 46.069 31.500 24.640 58.08 34.977 25.882
6§ (cal/cm®)? 12.05 14.18 15.30 9.40 13.56 16.70
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Table V Ozonation of SAM and OSS

SAM 0SS

Ozone consumption (%) 99.3 66.4
Consumed ozone (mg) 415 276
Solid conversion (%) 11.8 7.3
Delignification (%) 49.0 59.2
PH of aqueous extract 1.85 2.05
Optical density (254 nm)

(dilution, 1 : 25) 1.44 0.69
g Solubilized lignin per g

consumed ozone 1.88 1.63

(6-value, 15.30) and finally by the pure ethanol
(6-value, 12.05).

The high association of alcohols frecuently re-
sults in a lower solvent power than expected;
and the assumption that molecules have a uni-
form force field around them, which is implicit
in the use of the 6-value, is clearly not true for
molecules with nonpolar and highly polar por-
tions.?® Therefore, the ethanol—water mixtures
dissolve lignin to a lesser degree than expected.

Ozonation of Solid Materials (SAM and OSS)

The principal results obtained with both materi-
als are shown in Table V. Table VI shows the
compounds identified in the aqueous extracts of
the ozonized SAM and OSS, together with the re-
sults of their quantification.

The values of 0zone consumption, solid conver-
sion (g solubilized matter/g dry initial material,
%), g dissolved lignin/g consumed ozone, and op-
tical density were lower in the case of OSS, while
the pH was greater. This means that the reaction
in which OSS was involved was less severe, proba-
bly because the least resistant lignin was elimi-
nated in the organosolvolytic stage. This least re-
sistant lignin is probably composed of fractions,
which are produced during the organosolvolytic
treatment, of lower molecular weight than those
remaining in the OSS. The higher optical density
of the ozonized SAM aqueous extracts suggested
a greater concentration of aromatics, as was con-
firmed by the identification of p-hydroxybenzoic
acid, p-hydroxybenzaldehyde, and vanillin, which
were not detected with the OSS. This indicates
that a portion of the lignin present in SAM has a
low degree of condensation.

The only value that may at first seem surpris-
ing was the higher degree of delignification ob-

tained with OSS, which may have been simply
due to the fact that a similar quantity of ozone
was being applied to a material with a much lower
lignin content. The quantities of glycolic and oxa-
lic acids obtained with OSS were practically half
those obtained with SAM, while the quantity of
glyoxylic acid was very similar.

Ozonation of the Organosolvolytic Juice (OS))

In the ozonation process, the lignin solution grad-
ually lost color, changing from dark amber to pale
yellow. The volume of liquid in the reactor de-
creased during ozonation because solvent was car-
ried away by the gas and because samples were
taken. This decrease, as well as the quantity of
each reaction product removed during sampling,
was taken into account in the calculation of the
reaction product yields.

During ozonation of the OSJ, sugars such as D-
galactose, D-glucose, and D-mannose were identi-
fied by their mass spectra. These sugars, which
arise from the cleavage of glycosidic linkages in
the polysaccharide molecules?® extracted during
organosolvolysis, persisted in the medium for up
to 20 min. Moreover, the following compounds
were identified in the ozonized juices. Aliphatic
acids were as follows: glycolic, oxalic, and malic.
Monomeric oxyaromatics were as follows: p-hy-
droxybenzoic, vanillic and syringic acids, p-hy-
droxybenzaldehyde, vanillin, syringaldehyde, and
hydroquinone.

During the first minutes of the reaction, short
chain aliphatic carboxylic acids (glycolic and oxa-
lic acids) were generated, the amounts of which

Table VI Yield of the Products Identified in
the Aqueous Extracts of the Ozonized SAM
and OSS (g/100 g dry initial material)

SAM 0SS
Glycolic acid 0.12 0.06
Oxalic acid 1.17 0.55
Malonic acid Trace NP?
Glyoxylic acid 0.09 0.08
Butanedioic acid Trace NP
Malic acid 0.02 NP
p-Hydroxybenzoic acid 0.03 NP
p-Hydroxybenzaldehyde 0.07 NP
Vanillin 0.02 NP

2 NP: Not produced.
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Figure 2 Quantification of the principal aliphatic
acids identified.

increased as the reaction progressed (Fig. 2). Ox-
alic acid was the major reaction product. The gly-
colic acid could arise from the oxidation of glycoal-
dehyde, which results from the ozone attacking
the double bond in substituted cinnamic alcohol
type side-chains, of a vanillyl alcohol type struc-
ture, or of erythronic and threonic acids, which
are formed from S-aryl ether type structures. Ox-
alic acid is produced by extensive oxidation of aro-
matic rings in lignin.?’

All the identified oxyaromatic compounds passed
through a production maximum during the reac-
tion (Fig. 3). In the first few minutes (between
1 and 8 min, depending on the compound), the
production of aromatic aldehydes reached its maxi-
mum in the following descending order: p -hydroxy-
benzaldehyde (3.45 g/100 g dissolved matter in the

+ p-Hydroxybenzaldehyde
+ p-Hydroxybenzoic acid
v Vanillin

w Vanillic acid

¢ Hydroquinone

* Syringaldehyde
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Figure 3 Quantification of the principal oxyaromatic
compounds identified.
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Figure 4 Ozone consumption during treatment of or-
ganosolvolytic juice.

0SJ), vanillin (1.67 g/100 g dissolved matter), and
syringaldehyde (1.01 g/100 g dissolved matter).
This indicates that corn stalk lignin is rich in p-
hydroxyphenyl-type phenylpropane units. These
aromatic aldehydes result from oxidation of the ali-
phatic carbon—-carbon double bonds in substituted
cinnamic structures, which are the most reactive
lignin linkages to the ozone attack.”®

The fall in the yield of p-hydroxybenzaldehyde
after 6 min was accompanied by an increase in
that of p-hydroxybenzoic acid, suggesting that
this acid basically arises from oxidation of the al-
dehyde group. The production of vanillic acid
reached a maximum at the same reaction time as
that of vanillin, suggesting that a part of this acid
may arise from the oxidation of phenylcoumarone-
type structures.?®

As a general conclusion, ozonation of the OSJ
(lignin extracted in organic solvent from SAM)
produces a greater variety and quantity of oxyaro-
matic compounds than the ozonation of the in situ
lignin present in the moistened SAM.

The trend of ozone consumption is shown in
Figure 4, from which it can be seen that the ozone
consumed-to-ozone introduced ratio falls as the
reaction progresses, indicating that the initial re-
action products are less reactive than lignin.

The amount of ozone needed to maximize the
production of each aromatic compound can also
be expressed per phenylpropane unit. When the
molecular weight for a phenylpropane unit is
205,% this optimal consumption has been found
to be between 0.18 and 1.28 mol of ozone-to-mol
of phenylpropane units, indicating that only the
alkene C=C bonds are cleaved.?! The value of 1
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mol/phenylpropane unit obtained by Vidal and
Molinier3? for the ozonation of a suspension of a
southern pine kraft softwood lignin (Indulin AT,
Westvaco Co., Charleston, SC) for 3 h in 45% ace-
tic acid falls within this range.

Therefore, considering that the aromatic alde-
hydes (vanillin, syringaldehyde, and p-hydroxy-
benzaldehyde) detected in the first minutes of ozo-
nation basically arise from the corresponding sub-
stituted cinnamic structures present in the lignin
molecule, assuming the error which may be intro-
duced due to partial destruction by ozone of the
initially formed aromatic aldehydes, and based on
the maximum quantities of these aldehydes pro-
duced, the molar ratio of guaiacyl:syringyl:p-hy-
droxyphenyl cinnamic phenylpropane units in
corn stalk organosolvolytic lignin was 2:1:5.3.
This ratio was similar to that obtained by Tana-
hashi et al.? by ozonation of an acidolysis residue
of bamboo milled wood lignin (3:1:9). Likewise,
Morrison and Akin*® reported that during the ozo-
nation of Coastal Bermuda grass (Cynodon dac-
tylon ) (also a monocotyledonous species ) the main
aromatic products were p-hydroxybenzaldehyde
and p-hydroxybenzoic acid, followed by vanillin
and vanillic acid.

On the other hand, the time course trend of the
product concentrations during lignin degradation
and the residual ozone that escapes reaction coin-
cides with that predicted by the second kinetic
model of Ouederni,®® in which the ozone inter-
venes every time in n successive reactions with
partial orders different from the unit, which is in
accordance with the depolymerization of an infi-
nite three-dimensional gel.*

Thus, the reaction scheme for the ozonation of
lignin in organic solutions implies (1) depolymer-
ization of the lignin macromolecule accompanied
by the liberation of low-molecular-weight oxyaro-
matic compounds, and (2) degradation of the ini-
tially generated aromatic products accompanied
by the formation of low-molecular-weight carbox-
ylic acids.

Judging from the phenolic oxidation products
and the radical entities formed during ozona-
tion,?® it is possible that condensation® or poly-
merization reactions might develop in the me-
dium, which would lead to the formation of high-
molecular-weight organic compounds, which can-
not be identified by GC. This would explain why
the sum of all the quantities of the detected oxyar-
omatic compounds (the main products generated

at short treatment times) only amounts to about
8% of the lignin initially present in the OSJ.
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of J. Quesada. The authors thank Mr. E. Chornet of
the University of Sherbrooke for permission to use
their steam explosion device. This work was supported
by a research grant of the Ministry of Education and
Science (MEC) of Spain. The authors also gratefully
acknowledge the financial support of Electricité de
France (EDF).
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