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KINETICS OF FIR WOOD OXIDATION BY OXYGEN IN AQUEOUS
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Kinetics of fir wood oxidation (4bies sibirica) in aqueous alkaline media were studied by measuring oxygen consump-
tion rates. Oxidation of extracted wood conforms to the kinetics of non-branching chain mechanism. The same mechanism gov-
erns the initial stage of non-extracted wood oxidation, but a transition to degenerate branching mode soon occurs. This transi-
tion is probably caused by softwood's low hemicelluloses content and high content of propyl guaiacol lignin units that are prone
to condensation involving phenolic hydroxyls. This leads to quick depletion of phenolic and uronic carboxylic groups; chain
initiation by oxidizing the respective anions becomes impossible, and degenerate branching takes the lead. It is assumed that
inert hydrophobic fir extractives physically shield hydroperoxides responsible for degenerate branching from alkali. This pre-
vents alkali from causing heterolytic hydroperoxide cleavage that does result in chain branching. It is assumed that the catalyst
accelerates the reaction of homolytic cleavage of the aforementioned hydroperoxides.
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Introduction

Oxidation of ligneous materials by oxygen is an economical and environmentally benign approach to pulp
bleaching. If catalysts are used, this process can be applied for wood delignification [1]. Catalytic oxidation of
wood in alkaline media produces valuable aromatic aldehydes (vanillin and syringaldehyde); recently, this particu-
lar reaction was evaluated as a way of isolating cellulose (e.g., suitable for enzymatic hydrolysis) [2]. Improving
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oxidation reaction (short chains in strongly alkaline media, long chains at pH 10—12, degenerate branching chains
at lower basicity).

Similar studies on the kinetics of softwood oxidation in aqueous alkaline media are not described in scientific
literature. Nonetheless, there is practical interest in oxidation of softwood. This type of wood constitutes the majority
of lumber industry feedstock. Oxidation of softwood lignins yields just one aromatic aldehyde (vanillin), which elim-
inates the need of separating it from syringaldehyde (that would also form when oxidizing hardwood [7]).

Qualitative composition of softwood extractive components is quite distinctly different from those of hard-
wood. Softwood components contain a considerable portion of neutral non-hydrolyzable terpenoids, whereas
hardwoods contain mostly esters of long-chain fatty acids [8]. The presence of inert hydrophobic zones formed by
softwood extractives in reaction media during softwood oxidation might affect the process kinetics. This subject
gains more significance in the context of a recent paper that proposes oxidative delignification of pine wood with
simultaneous vanillin synthesis [2]. That work studied the oxidation of extracted wood. However, effective oxida-
tion of lignin into vanillin and preserving cellulose in the reaction media are two requirements that counteract each
other: Vanillin formation requires harsh conditions that are destructive to wood carbohydrates. Therefore, attaining
good yields of both vanillin and cellulose requires finely tuned reaction conditions. The presence of extractives in a
reactor might influence the process kinetics, and affect its economic prospects.

The goal of the present study is to experimentally investigate the kinetics of oxidizing fir (4bies sibirica)
wood by oxygen in aqueous alkaline media, along with the influence of the wood extractives on this process. In
this work, we use oxygen consumption rates as the main kinetics descriptor, as employed in our previous work [6].
This approach is a simple way of continuously monitoring the reaction dynamics, and it enables direct comparison
with the results of aspen wood oxidation.

Experimental

Sawdust of fir wood (A4bies sibirica) was used as the feedstock for experiments. Wood composition: 50,3
wt.% cellulose, 15,4% hemicelluloses, 27,7% lignin, 6,3% extractives. Removal of the extractives for the experi-
ments with extracted substrate was accomplished according to a standard method [9].

The kinetic measurements were carried out in a stainless-steel reciprocating rocking autoclave (100 ml ca-
pacity) equipped with a pressure measurement system to monitor the oxygen consumption throughout the process
[10]. The reactor was fed with oxygen from a calibrated buffer through a manually operated valve, and the oxygen
consumption during the process was calculated from the pressure decrease in the buffer volume. Initial pH in the
experiments was varied between 8,0 and 12,5. Phosphate and carbonate buffers (the total concentration of potassi-
um salts was 300 g/L) as well as a NaOH solution were used to stabilize pH in the experiments. The difference in
the reaction media acidity between the initial and final points of the kinetic curves did not exceed 0,2 pH units.

2 g of wood charge was used for each experiment, reactor rocking frequency was 6 s”. As previously estab-
lished, these conditions minimize the influence of diffusional limitations on the process [6].

The reactor was charged with a reaction mixture comprising a wood sample and a buffer solution. If a cata-
lyst was necessary for an experiment, it was added in the form of copper sulfate aqueous solution. The volume of
each reaction mixture was 60 ml. Then, the reactor was sealed and flushed with oxygen. Within 7-10 min of heat-
ing, the necessary temperature was attained. Afterwards, the reactor motor was turned on. Oxygen at the required
pressure was introduced from the buffer volume through a manually operated valve. As the reaction was proceed-
ing, the oxygen pressure drop due to its consumption was compensated by introducing more oxygen from the buft-
er volume.

Results and discussion

Figure 1 presents the dependences of reacted oxygen amount versus duration of non-catalytic oxidation of
non-extracted fir wood at different oxygen partial pressures. Overall shapes of these dependences are very different
from those obtained in oxidation of aspen wood under similar conditions [6]. Oxidation of aspen wood shows no
sign of slowing down when oxygen consumption 50 g per kg of wood is attained. On the other hand, oxidation of
fir exhibits a fast initial stage, but upon attaining oxygen consumption 15-25 g/kg (0,03-0,05 g O, per batch), the
reaction slows down quite abruptly and afterwards proceeds at mostly constant rate.
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Figure 2-a shows the calculation of the reaction orders in oxygen (pre-kink and post-kink stages) and in hy-
droxyl ion (post-kink) for non-extracted wood oxidation. During the pre-kink stage, the order in oxygen is 0,49
which coincides with the value for aspen wood oxidation [6]. When the fir oxidation slowdown occurs, the reac-
tion order in O, decreases to 0,17, the order in OH  is 0,13.

In the context of the kinetic model underlying the earlier work [6], the decrease of the reaction order in ox-
ygen from = 0,5 to near-zero values corresponds to the transition from non-branching long-chain mechanism to
degenerate branching mechanism driven by homolytic cleavage of the organic hydroperoxides that accumulate in
the reaction medium during oxidation. The increase in the role of degenerate branching also manifests in low reac-
tion order in hydroxyl ion: Calculated from the post-kink linear sections of kinetic curves, the order in OH" is 0,13.
Therefore, in the process of non-extracted fir wood oxidation, degenerate branching reactions manifest early,
which is significantly different from aspen wood oxidation.
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Figure 2. Logarithmic dependences of oxygen consumption rate versus reactant concentrations for the reaction of
fir wood oxidation, temperature 110 °C. Symbols represent experimental data, lines represent linear fits thereof.
a) oxidation of non-extracted fir wood, n(O,) = 0,49+0,05 before the kinetic curves kink in Fig. 1 (initial 15 min
of the process), n(O,) = 0,17+0,03 after the kink (15-60 min time frame in Fig. 1), n(OH’) = 0,13+0,02 after the
kink. b) oxidation of extracted fir wood, n(O,) = 0,53+0,04, n(OH) = 0,34+0,04
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In non-extracted fir wood oxidation, the absolute oxygen consumption rate decreases after the transition to
degenerate branching mechanism. Within the kinetic model used in the previous work [6], oxygen consumption
rate depends—caeteris paribus—on the rate of chain initiation. Thus, on one hand, at the onset of the reaction
slowdown, in the rate of chain initiation there is significant increase of the role of degenerate branching driven by
homolytic hydroperoxide cleavage. On the other hand, the overall rate of chain initiation decreases. I.e., as the re-
action of fir oxidation is proceeding, there is rapid decrease in the concentration of compounds that drive the chain
initiation which is independent of hydroperoxides. Apparently, in the herein described case, it is the decrease in the
amount of phenolic hydroxyls and hemicellulosic uronic carboxyls. In other words, the amount of these functional
groups in fir wood is considerably lower than in aspen wood.

This assumption finds justification in the known differences of composition of hardwood and softwood
timbers. Softwood lignins comprise predominantly propyl guaiacol units (as opposed to a significant portion of
propyl syringol units in hardwood lignins [7]). Propyl guaiacol units have an unsubstituted hydrogen atom in ortho
position to the hydroxyl group, which makes them vulnerable to condensation reactions, including the -O-4 and
5-O-4 condensations that lead to depletion of free phenolic hydroxyls. Moreover, these condensation reactions
result in steric hindrance of phenolic hydroxyls, that can lead to lower rate of phenolate ions oxidation, i.e., lower
chain initiation rate. Another factor that leads to the kinetic differences in oxidation of fir and aspen wood is the
differences in the amount and composition of hemicelluloses [11]. Fir wood contains 2-3 times less of the most
reactive pentosic hemicelluloses formed by xylose and arabinose.

Apparently, the principal pathway of degenerate chain branching is homolytic cleavage of hydroperoxides
catalyzed by ions and/or complexes of transition metals (either found in the ash components of wood, or etched
from reactor walls). E.g., this influence of transition metals is the reason why the addition of o-phenanthroline ac-
celerates oxygen delignification [12]. The conclusion about the defining role of the catalytic pathway of
hydroperoxide decomposition can be made by estimating the rates of catalytic and non-catalytic peroxide decom-
position. The estimates made hereinafter are based on the reference data on the rate constants for reactions involv-
ing substances like hydroperoxides of cumene, isobutane, etc. [13]. It can be shown that, e.g., at 110 °C,
hydroperoxide concentration 0,07 M, and substrate R;H concentration 1 M, the rate of non-catalytic decomposition
(1, 2) is within the interval 10°-107 M/s. However, in the presence of 10* M Fe®*, the rate of cumene
hydroperoxide decomposition in aqueous medium (3, 4) is on the order of magnitude of 10 M/s. This means that
even trace amounts of transition metals suffice in order for the catalytic hydroperoxide cleavage pathway to domi-
nate over the non-catalytic one.

ROOH + ROOH — RO,* + RO+ + H,0 (1)
ROOH + RH — RO+ + Rge + H,0 2)
ROOH +M™ — RO» + OH + M®*D* (3)
ROOH +M™"" — RO,s + H + M™* 4)

It should be noted that in alkaline aqueous media, heterolytic, non-radical hydroperoxide cleavage is possi-
ble; this pathway does not lead to the oxidation chain reaction branching. The work of Skibida et al. [14] shows
that in the presence of alkali, the non-radical hydroperoxide decomposition is predominant, with homolytic cleav-
age contributing only 0,01% to the overall decomposition rate. Retardation of homolytic cleavage by bases be-
comes more effective the stronger the base is and the more acidic is the a-C-H bond in the hydroperoxide [14].
The outlined non-radical destruction of hydroperoxides may be a factor leading to predominantly non-branching
oxidation of aspen wood in alkaline media (pH 9,6-12,5) [6].

If the reaction medium contains areas that are inaccessible to alkali, then chain-branching-promoting
homolytic hydroperoxide cleavage will be more likely within these areas. Such hydrophobic zones can be repre-
sented by particles of fir extractives that are quite abundant in the timber (6—7 wt.%). As earlier described in the
Introduction, fir extractives predominantly comprise hydrophobic substances that are more or less chemically inert
under the reaction conditions, whereas hardwood extractives are primarily represented by hydrolyzable esters. The
latter are unstable in alkaline reaction media, and cannot isolate hydroperoxides from the alkaline aqueous phase
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(i.e., cannot prevent non-radical destruction of hydroperoxides). So, the outlined differences in composition of
wood extractives between fir and aspen can explain the kinetic differences in oxidation of these two timbers.

In order to test the assumption about the role of extractives in fir wood oxidation, experiments with extract-
ed material were conducted. Figure 2-b shows the logarithmic dependences of oxygen consumption rates versus
hydroxyl ion concentration and oxygen partial pressure obtained in these experiments. Removal of the extractives
results in the reaction order in OH™ and O, increasing to 0,34+0,04 and 0,53+0,04 respectively. The increase of the
reaction orders to the level typical for non-branching long chain reactions caused by the removal of fir extractives
confirms the hypothesis about the role of softwood terpenoids serving as the hydrophobic phase that is inaccessible
to aqueous alkali, and thus provides a 'safe zone' for homolytic cleavage of hydroperoxides that drives degenerate
chain branching.

To summarize the talk about the mechanisms of hardwood and softwood oxidation, it can be said that when
oxidizing either aspen or fir wood, at low conversions (oxygen consumption up to 15-25 g per kg of wood) long-
chain non-branching mechanism can be observed. With aspen wood, this mechanism also remains dominant at
high conversions, and the contribution of degenerate branching manifests only at low pH or when delignification
extent reaches dozens of percents. With fir wood, even at high pH degenerate branching becomes the dominant
chain initiation pathway soon (oxygen consumption above 15-25 g/kg), but it can be suppressed by removing the
extractives from the wood.

Figure 3 presents Arrhenius plots of oxygen consumption rate in fir wood oxidation with a catalyst (copper
hydroxide) and without such. The apparent activation energy of fir oxidation is practically unaffected by the addi-
tion of the catalyst (57-63 kJ/mol). This phenomenon can be explained in the context of the herein above described
hypothesis about degenerate branching process mechanism in which chain initiation by branching dominates over
initiation via phenolate ion oxidation. As detailed above, even when no extraneous catalyst is added to the system,
chain branching is still very likely to be a catalytic reaction (catalyzed by miscellaneous impurities of transition
metals). Therefore, the nature of the chain initiation stage is unaffected by deliberate catalyst addition. Adding a
catalyst only increases the rate of chain initiation via hydroperoxide homolytic cleavage, the reaction that is in
practice catalytic anyway because of unavoidable metal presence—from wood ash and/or etched from reactor
walls. From this viewpoint, apparent activation energies of processes with and without deliberate catalyst addition
can be very close to each other, and this situation is indeed observed in our experiments. A paper by Hermer [15]
also demonstrates that oxidation of aspen wood in degenerate branching mode is characterized by the independ-
ence of apparent activation energy from catalyst addition; E, is 72—73 kJ/mol which is similar to the values ob-
tained in the present research.

The experimentally obtained apparent activation energies can be analyzed semi-quantitatively based on ref-
erence data about radical chain oxidation of hydrocarbons. According to [16], rate of oxygen consumption in a
chain oxidation reaction depends on chain initiation rate and substrate concentration:

W = k,C(Wik)'"?, (5)

where k, and k; are rate constants of chain propagation and termination respectively, W; is rate of chain initiation,
C; is substrate concentration. In logarithmic form, Equation (5) may be transformed into the relation between ap-
parent activation energy and activation energies of individual process stages:

Eaapp = Easp + Eai/2 — Eo/2, (6)

where E, opp, Eap, Eai, Eax are activation energies of overall process, propagation stage, initiation stage, and termi-
nation, respectively. Activation energy of chain propagation E,., is typically in the 30-50 kJ/mol range, chain ter-
mination activation energies are 10-30 kJ/mol [16]. Activation energy of chain initiation by hydroperoxide cleav-
age is considerably greater, 70—117 kJ/mol without catalysts and 40—115 kJ/mol with catalysts [13]. According to
Equation (6), apparent activation energy of chain reactions can be in a rather wide range 45-95 kJ/mol; our exper-
imental values 57-63 kJ/mol belong to the middle of this range. The apparent activation energies obtained in the
present work further confirm the hypothesis about degenerate branching chain mechanism of fir wood oxidation.
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e —— with catalyst, [OH] =2 M, E, = 57.8+2.5 kJ/mol
- no catalyst, [OH] =2 M, E, = 61.3+6.3 kJ/mol
* no catalyst, [OH] = 3 mM, E, = 56.8+8.3 kJ/mol

Figure 3. Arrhenius plots of oxygen consumption rates
in the reaction of fir wood oxidation in alkaline
aqueous media. Catalyst concentration 8,2 g/l of CuO 6l e S
equivalent, oxygen pressure 0,8 MPa. Catalytic ™
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It can also be noted that activation energies of non-catalytic (1, 2) and catalytic (3, 4) hydroperoxide cleav-
age tend to be close to each other. E.g., activation energies of cumene hydroperoxide decomposition without cata-
lyst and with copper phthalocyanine are practically equal (approximately 115 kJ/mol) [13]. This suggests that de-
liberately introducing a catalyst into a reaction system might not notably affect the apparent activation energy even
if the reaction system in question does not initially contain enough miscellaneous metal impurities to appreciably
catalyze hydroperoxide homolytic cleavage.

Conclusion

The studied kinetic parameters of fir wood oxidation in alkaline aqueous media can be compared to those of
aspen wood oxidation [6, 17] (Table).

While the chemical reactions involved in oxidation of both wood species are practically identical, consider-
able differences in their composition lead to notable differences in the process kinetics. Fir wood has lower content
of hemicellulose, and its lignin contains more propyl guaiacol units which are prone to condensation reactions in-
volving phenolic hydroxyls. These factors lead to quick depletion of acidic functional groups responsible for chain
initiation as described in Table 1. Thus, after just 10—15 minutes of fir oxidation (oxygen consumption 1,5% based
on wood mass), degenerate branching assumes the dominant role in further chain initiation.

Comparison of kinetic parameters for oxidation of fir and aspen wood in alkaline aqueous media by oxygen at low
conversion (oxygen consumption below 60 g per kg of wood). pH 8-12,5, temperature 70—-120 °C

Kinetic parameters Fir wood Aspen wood [6, 17]
Reaction order in hydroxyl ion 0,13+0,02 0,48+0,02
Reaction order in oxygen Initial stage’ Final stage 0,56+0,04
0,49+0,05 0,17+0,03
Chain initiation ROH + OH — RO + H,O

RO + 02 — RO+ 02'_
(initiation by oxidation of phenolate and carboxylate ions)

Degenerate branching ROOH — RO + ... insignificant
ROOH — ROOs + ... (1-4)
Kinetic equation” Non-branching process Non-branching process
W(02): = ki[OHT"[02] [L]*? W(02); = ki[OHT"[02] [L]*?

Branching process
W(0,),=k,[OH[0,]°
Overall
W(O,) = f(W(O2)1, W(Oy),)
0<n(0,) <1/2;

0<n(OH)<1/2

" oxygen consumption below 15-25 g per kg of wood; " oxygen consumption above 15—25 g/kg; "~ [L] is substrate (lignin)
concentration
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Fir extractives comprise mainly terpenoid compounds that are mostly chemically inert in the reaction media
and have no noteworthy properties in terms of participation in radical chain oxidation. However, their presence in
reaction mixtures has dramatic effect on the oxidation process: Kinetics of extracted fir oxidation correspond to
non-branching mechanism, while non-extracted fir is oxidized according to degenerate branching laws. This con-
siderable influence of fir extractives can be explained by their ability to form hydrophobic regions in reaction me-
dia that are inaccessible to aqueous alkali. It is known that high alkalinity leads to predominantly non-radical de-
struction of organic hydroperoxides, that accumulate during oxidation. Hydroperoxides destroyed like this do not
contribute to oxidation chain branching. However, hydroperoxides protected by hydrophobic extractives are free to
decompose homolytically, thus leading to degenerate branching.

The apparent activation energy of fir wood oxidation is practically unaffected by the addition of copper ox-
ide catalyst. This suggests that in both cases there is similar process mechanism, degenerate branching driven by
hydroperoxide homolytic cleavage. Comparison of literature data on the rates of catalytic and non-catalytic
homolytic cleavage of hydroperoxides indicates that even when extraneous catalyst is not deliberately added to the
system, the principal pathway of hydroperoxide cleavage is still catalytic (in this case, it is catalyzed by impurities
of transition metals present in the ash portion of wood and/or etched from the reactor walls).

As the concluding remark, a hypothesis concerning the influence of softwood extractives on vanillin for-
mation can be formulated. Vanillin formation is not a chain reaction and requires high alkalinity [18]. I.e., for-
mation of this product is independent of radical chain initiation driven by homolytic hydroperoxide cleavage that
primarily occurs in the alkali-excluding regions protected by softwood extractives. The same exclusion of alkali
from these regions creates unfavorable conditions for vanillin formation therein. The vanillin that has already
formed will accumulate in the highly basic aqueous phase in dissociated form. Therefore, it will be unaffected (not
involved in oxidation) by the chain reactions that predominantly take place in the terpenoid phase. So, combining
the data on fir extractives' role in softwood oxidation as obtained in the present work together with literature data
on vanillin formation in such oxidative processes suggests that the presence of fir extractives in the reaction medi-
um should not considerably affect the yield of vanillin from wood oxidation. This means that the recently proposed
oxidative one-stage processing of extracted pine wood into vanillin and cellulose suitable for enzymatic hydroly-
sis—with high yield in both products—should be equally suitable for processing non-extracted wood.
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