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Abstract

The photolysis of guaiacyl and syringgtO-4 lignin model compounds (I, II, Il and 1V) with a phenol or-O-4 substituted in the
phenacyl moiety was done by three different methods, designed to perform the photobleaching of lignocellulosics. The photolysis systems
were carried out in alkaline methanolic solution (pH 11), and consisted in: (a) 4@,, (b) methylene blue (MB)/@and (c) TiQ.
The fragments produced in the reactions were analyzed by mass spectrometry—gas chromatography technique. The results show that th
reaction is dependent on the substituent in the phenacyl moiety. The most important route for the degradation mechanism seems to be
the incorporation of the hydroxyl radical in the aromatic rings. Semi-empirical calculations of the charge distribution over the atoms
in the model compounds show that this parameter is important to decide the reaction mechanisms. For the unprotected phenolic model
compound the production of phenolic fragments is higher than in the labile substit®ed model compound. On the other hand, the
photodegradation of the model compound (V) using method (a) yielded coniferyl alcohol as the principal product. The processes (a) and
(c) showed to be the most aggressive for the studied compounds.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords:Photobleaching; Lignin model compounds; Oxygen species; Photocatalysis

1. Introduction der alkaline pH {11). The exposition of hydrogen peroxide
to UV light results in the generation of oxygen active species

The removal of lignin from lignocellulosic materials is an  capable to react with structural elements of ligfii6,17]

essential step for the production of paper, defining its appli-

cability and final pricg1,2]. The presence of certain chro- H202 +hv — 2HO®

mophores in the remaining lignin fragments will contribute .

to the posterior yellowing of the bleached pulp or paper H202 +HO* — HOO® + H,0

3]. The efficient removal of these fragments present on the |, ~, 1

Eigers, or the use of different kinds ogf stabilizpers has been HO* +HOO" = "0z + H20

the aim of the work of many researches, although it can be j,0, + HO~ — HOO™ + H,0

a difficult task[4—15]. On the other hand, the preservation

of the mechanical properties of bleached cellulose must beQ,*~ + HO®* — HO™ + 10,

persecuted if quality is the final objective of the bleaching

process. HOO™ + HO®* — 0O2*~ + H,0O
We have studied the development of alternative bleaching

processes, based on photochemical reactions. The first oné202 + O2°~ — HO® + HO™ + 10,

involves the decomposition of by ultraviolet light un- . . . .
P 492 by ¢ Under these conditions, important reactive species such as

"+ Corresponding author. hydroperoxy and hydroxyl radicals, anion superoxide and

E-mail addressesaeduardo@ufu.br (A.E.d.H. Machado), reinaldo@ufu.br Probably singlet oxygen are formed, inducing degradative
(R. Ruggiero). steps in the lignocellulosic materials.
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The second process is based on the generation of singlet In this work, we discuss the possible routes for lignin
oxygen by photosensitization under alkaline pH. In this pro- degradation based on these three photochemically mediated
cess, methylene blue (MB) has been used as photosensitizeprocesses, using-0O-4 lignin model compounds.

Its excitation, in the presence of molecular oxygen results

in the formation of singlet oxygen. )
2. Experimental

L(MB) + hv — 3(MB)*
3 3 1 1 The photochemical degradation of four lignin model com-
(MB)* +°02 — *(MB) + "0O3 pounds, two guaiacyl and two syringyl (1®mol dm3),
was evaluated considering three different photochemical

The quenching of singlet oxygen by other species present 'nprocesses, used to bleach lignocellulosics:

the solution, like hydroxy ions, generates hydroxyl radicals
and superoxide anions as the predominant oxygen active(a) Oxygen active species (OAS) generated by photoas-

specieq18,19] sisted and thermal degradation of hydrogen peroxide
The third process involves the application of photocataly- (0.88 mol dnv3), under alkaline pH.

sis[20-23] a technique initially proposed by Fujishima and (b) Singlet oxygen, generated by photosensitization, using

coworkerg24,25]in 1969. In this process, light of appropri- methylene blue (& x 10~>mol dm3).

ate energy promotes an electron from the valence band to thgc) Photocatalytical process using QL% (w/w)).
conduction band, generating an electron)(gole (H") pair
that can induce the mineralization of organic compounds
[24—-30] and reduce some metallic iofi$1]. Machado and
coworkers[20,22] reported efficient breakdown of lignin
and lignin model compounds, during the bleaching of cel-
lulose pulps by photocatalysis mediated by 7jQsing UV
light and oxygen. Hydroxyl radicals can be generated by the
strong oxidative potential of the hole in presence of water
and/or alkali as shown below in the reaction scheme.

In the three processes, two 400 W mercury lamps were
used as irradiation source. The temperature in the reac-
tional system was maintained at approximately 302K. A

boron-silicate glass reactor was used to input an effective
wavelength irradiation higher than 320 nm. Considering this,

in the first and third processes, direct photolysis of the lignin

model compounds occurs concomitantly with the process
induced by the action of oxygen active species. For the sec-
ond process, a NaNQOsolution (80/g dm?3) was used as a

TiO2 4+ hv — TiOx(e” /ht) filter to cut off the UV energy components below 400 nm.
In all experiments, methanol was the solvent in order to
TiOz(h*) + OH™ — TiOz + HO® allow the solubilization of the model compounds and alka-
) B ) B linization of the solutions.
TiO2(e7) + O — TiO + O,° Fig. 1shows the structure of the models used in this study.

The compounds were synthesized by Castellan and

. + . .+
TiO2(h™) +L — TiO2 + L co-workers in the Laboratoire de Chimie de Substances

OH* + 0,*~ — OH™ + 10, Végétales, Institut du Pin, Université Bordeaux 1, by a
method developed by Nakatsubo and Higu{®®] with
where L is lignin. modifications made by Ralph et f#8]. The characterization
HO Rs
HO
(¢}
OMe
MeO Ro
o
\
Ri
(1) 1-(4-hydroxy-3,5-dimethoxyphenyl)-2-(2- (Iit) 4-(4-benzyloxy-3-methoxyphenyl)-3-(2-
methoxyphenoxy)propane-1,3-diol methoxyphenoxy)butane-1,2,4-triol
(IT) 1-(4-benzyloxy-3,5-dimethoxyphenyt)-2- (IV) 1-(3,4-dimethoxyphenyl)-2-(2-
(2-methoxyphenoxy)propane-1,3-diol methoxyphenoxy)propane-1,3-diol

Fig. 1. Lignin model compounds studied: (l) 1-(4-hydroxy-3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)-3-hydroxy-1-propanol; (II) 1-(dxyenzy
3,5-dimethoxyphenyl)-2-(2-methoxyphenyl)-3-hydroxy-1-propanol;  (Ill) 1-(4-benzyloxy-3-methoxyphenyl)-2-(2-methoxyphenyl)-3yhetton-4,1-
butanediol; (IV) 1-(3,4-dimethoxyphenyl)-2{(thethoxyphenoxy)-1,3-dihydroxypropane.
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Fig. 2. Gas chromatogram of the degradation products of model IV:
starting material (1); coniferyl alcohol (2).

was done by NMRH and!3C. Data for compounds Ill and
IV were previously describef 8], while the spectroscopic
NMR data for compounds | and Il are showed below.

2.1. Model (1)

NMR H (250 MHz, CDC}): § (ppm): 3.31—singlet (1H)
—OH; 3.75—singlet (6H) —O@3 (syringyl ring); 3.81—

HO
HO o@
OMe
MeO
MeO

OH’

HO

H OMe

MeO
MeO
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singlet (3H) —O®3 (guaiacyl ring); 3.60—-4.20—multiplet
(4H) =/CH;, -8CH—, —OH; 4.97—doublet (1H) CH-;
5.10—singlet (2H) —O#Ar; 6.66—7.50—multiplet (6H)
ArH.

NMR 13C (63MHz, CDCh): § (ppm): 56.33 (@Hs>),
56.86 (QCH3), 60.83 C,), 73.14 C,); 75.14 (CCH2Ar),
86.87 Cgp), 102.84 C» andCg), 113.85 C»); 120.87 Cs),
121.65 Cy/), 122.27 Cg), 127.85 C4); 128.12 Cypr, Cyr
andCg), 128.16 C3» andCs), 137.81 C1~); 146.85 Cy),
151.27 Cgz), 153.58 C3 andCs).

2.2. Model (I

NMR H (250 MHz, CDC}): § (ppm): 3.60-3.80—mul-
tiplet (10H) —OQH3, —OH; 4.15—singlet (3H) —C@CH3;
4.72 and 5.14—system AB (2HJCH-ECH (CJap =
5,3Hz); 4.92—singlet (2H) -OB,Ar; 6.60-7.60—
multiplet (11H) AH.

NMR 13C (63MHz, CDCh): § (ppm): 55.86 (@HS>),
56.33 (GCH3), 61.34 (CO®@H3), 74.14 C,.); 83.74
(Cg), 104.91 Co and Cg), 112.18 Cy), 118.86 Csx);
121.14 Cy), 123.92 Cg), 127.89 Cg4), 128.19 Cyp
and Cg); 128.55 Cz and Csr), 131.99 (C4), 134.78
(C1), 137.88Cy); 146.85 Cy), 151.27 C3), 152.57 C3
andCs).

In order to analyze the photolysis products, the sam-
ples were concentrated by solvent evaporation at room

HO

RING
OPENING
HO
OH
MeO
HO [
H
HO
OMe
HO HYDROGEN
ABSTRACTION
HO H
H
+
o’
MeO HO MeO
MeO

Fig. 3. Scheme proposed for the degradation of model compound (IV) by the action of hydroxyl radicals.
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Fig. 4. Mass spectrum presenting the observed fragmentation of the second peak, attributed to coniferyl alcohol, from gas chromatogram atitte degrad
products from model compound IV degradation mediated by hydroxyl radicals.

temperature, acidified (pH 3-4) with aqueous HCI and Table 1

extracted with dichloromethane~8ml). The separated Net charge on some atoms of the studied compounds, calculated after

organic phase was then dried at ambient temperature, disS/c!ure optimization (AM1)

solved in 10Qul of dry tetrahydrofuran (THF), and sily-  Atom Model
lated with bis- (trimethylsilyl)-trifluoroacetamide (BSTFA) 0} (1 (1 (v)
(50pl) in the presence of pyridine (30). The analysis 12 0.233 0.017 0.077 —0.080

of the photoproducts was performed by gas chromatogra-
phy using a flame ionization detector (Shimadzu GC 14A
equipped with a C-R4A Chromatopac data analyzer) or by

CG-MS (Shimadzu, QP 5000 with a DB-5MSdaa J W AP AR AL

2 —0.222 —0.190 —0.201 —0.186

3

4

5

o . . 6
Scientific capillary column, 30m lengtk 0.25mm; film 7 —0.186 ~0.209 _0.136 _0.105

8

9

10

1

0.044 0.020 0.044 0.067
—0.182 —0.188 —0.118 —0.183

thickness 0.25um). The injector and detector port (GC 14A) —0.101 —0.078 —0.106 —0.129
temperatures were set at 280 and 300respectively. The 0.079 0.073 0.072 0.080
oven temperature was programmed to remain at°C3fbr —0.002 0.037 0.026 —0.001

1 min and afterwards to increase from 180 to 28Qusing a 1 *%'t%; 706133?3 70'0233 4 70'3909 10
4°C min~ltemperature gradient. In order to check the ther- ;3 0.066 0.055 0.053 0.063
mal stability of the model compounds, control experiments 14 —0.168 —0.167 —0.150 —0.169

were performed using the same experimental conditions,
but without light. Standard samples were eluted under the
same conditions to allow comparative evaluations. The vari-
ation in the content of phenolic hydroxyl groups during the
reaction was monitored using a spectrophotometric method
proposed by Wexlef32].

The model-compounds were modelated using the
semi-empirical method AM1 (Hyperchem 5.11). The charge
distribution was employed in the discussion about the reac-
tivity of these compounds.

aFrom substituenR; (seeFig. 5).

13
OMe

3. Results and discussion

Fig. 2shows a gas chromatogram of the degradation prod-
ucts of model compound (1V) after 4 h of irradiation in the Fig. 5. General structure of the studied model compounds.
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Fig. 6. (a) Relative changes in the content of phenolic OH during the degradation of model compound | under different reaction conditions. (b) Changes
in the absorbance due to phenolate ion (255nm), occurred during the photochemical degradation of model compound |, induced in the presence of
hydrogen peroxide and alkaline medium. (c) Changes in the absorption band attributed to phenolate ion (255nm), during the photodegradation of the
lignin model compounds A, B, and C in methanolic solution as function of the irradiation time.
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Fig. 7. Scheme for the degradation of model compound | mediated by singlet oxygen: (a) and (b) were not detected because they are eliminated durin:
solvent evaporation.

presence of hydrogen peroxide at alkaline pH (pHL1). The next figure exemplifies the considerable complexity
The first peak was identified as the starting compound, and©f the mass spectrum of the peak from gas chromatography,
the second as coniferyl alcohol. ._attrlbut_ed to coniferyl alcohol. It was conflrmeql by compar-
Although, a complex mixture of products must be ex- SON with the mass spectrum obtained for this compound.
pected for the reaction mediated by hydrogen peroxide under ! "€ fragments peaks at/z = 180 M), 151 (~CO) and
alkaline pH, even in the absence of light29]. One of the 124 M~ C3H40) were taken as referenceig. 4).
reactive species expected to be generated is the superoxide
anion[33], which can be incorporated to the monomethoxy-
lated ring, favoring the scission of thfg2O-4 bond. On the

other hand, the hydroxyl radical is the most reactive specie 0.104
known. It is expected that during the reaction by the hydrox- ] /

0.124

ylation of the aromatic rings, be mediated by this species, % 0.08- o
principally on the phenoxyl ring, which is less protected. & 1 /

Even considering that the solvent can quench a great part of £ 0.064 A —=— HOOH
these radicals, the concentration of substrates in solution is 2 1 S —*MBO,
sufficiently low and the amount of the added hydrogen per- iﬁ 0.04 A/ —+—TiOJO,

r——————
—
. (]

oxide is considerably high to justify that the models under ] //‘\./.\

study will be also efficiently attacked. 0.02

The expected result is the rupture of -4 bond, fol- 000_' A,
lowed by the formation of coniferyl alcohol, and the opening o 20 40 60 80 100 120
of the phenoxy ringKig. 3).

Many products, however, were not detected most probably
because, being volatile alkylic fragments, they were carried rig. 8. Changes in the phenolic OH content during the degradation of the
by the solvent during the evaporation procedure. model compound L.

Trradiation time (min)
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Fig. 9. Principal fragments identified between the degradation products.
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To support our discussion, the electronic charge distri- medium, the relative rates of consumption of phenolic hy-
bution over the atoms that constitute the compounds underdroxyl groups did not change appreciably.
study was estimated. The values obtained for the four mod- This behavior could be due to the small concentration of
els are inTable 1 HO* relative to that generated by heterogeneous photocatal-

The charge distribution over the atoms of the compounds ysis mediated by Tig) where the concentration is small but
under study is approximately independent of the substituentsapproximately constant due to the special character of the
R1, R2 andRs. For the degradation of model (IV) mediated reaction. For the other two processes, an important reduc-
by hydroxyl radicals, as example, the most favorable posi- tion in the content of phenolic hydroxyl can be noted, which
tions to be attacked are 3, 5, 12 and Eg( 5. The same must be related to the destruction of aromatic rings. This
can be expected for the other model compounds. reduction shows to be more evident when the process is me-

The direct attack of the atom 9 by hydroxyl radicals is diated by photosensitization, where singlet oxygen and su-
improbable, since that it is an alkylic carbon. On the other peroxide anion are the reactive species. Due to the alkaline
hand, the attack of the positions 12 and 13 by a superox-pH of the reaction medium, hydroxyl radical must be also
ide anion, with the formation of an endoperoxide intermedi- expected as reactive species in the photosensitized reaction.
ate, can be expected in the reactions via photosensitization These data are not conclusive when used as an isolated
under alkaline pH, due to the electron deficiency of these analysis. However, when we compare with other parame-
atoms. ters and/or conjugated with other techniques, an important

In a previous work, we have shown that the efficient
cleavage of thgd-O-4 bond depends on the position of the
methoxyl substituent in the phenoxy rif&]. As can be seen
fromFig. 6a and 6pfor the degradation induced by the pho-
tochemical decomposition of hydrogen peroxide in alkaline

set of informations on the reaction can be obtained. For ex-
ample, when no carbonyl groups are present in the model
compound structure, phenolate bands occur only at about
250 and 300 nm (see model B at zero time of illumination
in Fig. 69. If carbonyl groups or conjugates system are

HO
OH
HO_ _Rs @
RH
HO / R2
(0]
AN
R
R3
MeO
OH
R,=H Rz_OMe R,=H
Ra
\
i Ry
g jﬂs
2
I:*1
R1 I:‘1

Fig. 12. Degradation of the phenacyl moiety in route (ii).
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present at thex position of the phenyl propane unit, the Table 2

band near 255 nm tends to disappear. On the other hand, iffhe fragments observed by GC-MS

carbonyl groups are present at ta@osition, an increase in  System/model a (H02) b (MB/Oy) ¢ (TiO2/Oy)
the absorbance band above 300 nm can be observed (arouncbmpound

350 nm). Previous results obtained by us, studying the degra-I agrnsu a, w, bl a,nrs, w Kk

dation of 3-O-4 models under both air and inert atmosphere ! a,no,p4q a,w a,nprs,
et H ns, tu uw XYy, z

(N2), showed that for short photolysis times (below 120 min) ab e d afg ahiklm

the system does not suffer perceptible changes. For longer.
photolysis times, the evidences of oxidation increase signif-
icantly (Fig. 69 [34].

In the mechanism mediated by photocatalysis an intensetionary concentration) which is maintained during all pro-
incorporation of hydroxyl radicals to the aromatic rings must cess. The physical and morphological characteristics of the
be expected, with the ring opening occurring only after a catalyst are fundamental to promote efficiently the reactions
significant period of irradiatiof85]. On the other hand, con-  [43,44] For some lignin fragments, as example, anatase has
sidering the comparatively high complexity of the photo- been proposed as an efficient catall®t]. In other situa-
sensitized reaction, the results furnished are better, as showion, a mixture anatase/rutile (P25, Degussa) showed to be
Fig. 6a the best catalyqg#t5]. Obviously, a detailed investigation of

Some of the products of these reactions that were notthe occurred after a given reaction time is a pre-condition to
lost with the solvent during concentration procedure are car- define which process is the most efficient.

bonylated compounds, as shown in ffigs. 4 and 6They Our previous results involving the bleaching of cellulosic
are responsible for the decrease in the absorbance at 255 nrpulps show that the photocatalysis gives best results com-
with the concomitant increase of the band at 350[B6]. pared to the photosensitized one, principally if the aim is to

The lower degradation rate mediated by 7jGQvhen preserve the integrity of the cellulosic pulp3]. The pro-
compared with the photosensitized reaction, observed incess mediated by hydrogen peroxide and UV light presents
Fig. 63 can be attributed to an initial competition between an intermediate efficiency.
incorporation of hydroxyl groups and degradation of the  The behavior observed during the degradation of the
aromatic rings[19,20] In the case of the photosensitized model II, promoted by TiQ (Fig. 8, can be explained
reaction, the reaction must be directed mainly by superox- considering that the structure fragmentation jointly with the
ide anion-radical and singlet oxygen, giving a more evident incorporation of hydroxy radicals by the aromatic structures
indication of degradation. In a simple manneig. 7 exem- results in more phenolic hydroxyl groups. The photosensi-
plifies a part of the expected. tized reaction follows initially an equivalent behavior, but

Although our previous results referred to the degradations probably only due to the structural fragmentation, since
mediated by photosensitization be in agreement with the that in this process hydroxy radicals are not generated. The
work of Crestini and D’Aurig37,38], the actually proposed  similarity between the two processes stops after 20 min
degradation mechanism differs, most probably due to the of reaction when probably the oxidation of the aromatic
high pH in which the reactions were performed. Under the structures is initiated.
applied conditions, we expect that the action of superoxide The behavior presented by the reaction induced by the
anion be more evident than singlet oxygen. active species produced from the decomposition of hydro-

Itis premature to treat the trends showrrigs. 6a,band 7  gen peroxide by UV light, leads us to conclude that under
as being associated to an efficient or not degradation, basedhese conditions is occurring a very small incorporation of
on only one parameter such as the variation in the contenthydroxy radicals by the aromatic rings, as occurs for the
of phenolic hydroxyl groups in the aromatic ring. Usually, model compound | under the same conditions. This can be
the action of hydroxy radicals results in efficient processes taken, as an indication that the reaction promoted by this
related to the degradation of aromatid®,38,39] lignin kind of degradation is very different from the proposed to
model compoundgl0—42]and lignin and fragmen{g5]. In occur by photocatalysis, but it cannot be considered as an
the processes in which hydroxy radicals are generated, likeindication that this degradative process is inefficient. By the
the reactions (a) and (c) discussed in this work, the completeanalysis of the fragments obtained in the three processes is
mineralization of the model compounds will occur after long concluded that the processes (a) and (c) are the most aggres-
times of reaction, principally if, as occur in the photocat- sive for the models compounds under investigatitable 2
alytical processes, the amount of radicals be autosustainableand Fig. 9 show the principal fragments obtained for the
[24,25] The results furnished by the photocatalytical pro- three processes.
cess, when compared with the given by the process based FromTable 2andFig. 9, species derived from ring open-
on the photochemical decomposition of hydrogen peroxide, ing can be systematically identified from the application of
can be considered advantageous, since that the amount oprocesses (a) and (c).
hydroxy radicals produced reach during the initial steps of A summary of our conclusions is presented in the general
the reaction an approximately constant concentration (a sta-scheme Fig. 10, detailed inFigs. 11-13
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