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Abstract
The influence of mass transfer intensity on kinetics of catalytic oxidation of flax shives with oxygen to aromatic aldehydes 
and pulp was studied. The process was carried out in an autoclave in an aqueous-alkaline medium in the presence of CuO as 
the catalyst. Oxidation of flax shives into vanillin, syringaldehyde, and pulp was shown to proceed as a completely diffusion-
controlled process under the studied conditions. Depending on the process conditions, it can be limited by stages of oxygen 
transfer through the gas–liquid interface as well as by oxygen transfer through the bulk of a Newtonian liquid phase and 
non-Newtonian suspension of the reaction mass. The results obtained on the influence of stirring speed and volume of the 
reaction mass on the rates of oxygen consumption and vanillin accumulation were described by a simple well-known model 
connecting the intensity of mass transfer and the stirring power density in the bulk of the liquid phase. It was shown that, 
despite the distinctly diffusion-controlled conditions of flax shives oxidation with oxygen, the vanillin yield was very close 
(70–83%) to the theoretical maximum of vanillin yield in the processes of lignin oxidation.
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1 Introduction

Sustainable development is a challenge of modern civiliza-
tion. First of all, development of new possibilities to substi-
tute oil and other fossil resources with renewable plant raw 
materials is necessary. Agricultural waste is a huge renew-
able resource of lignocellulose materials but little used for 
chemical processing. Complete recycling of such waste in 
Russia can provide all the energy needs of agriculture [1].

The production of flax in Russia attains 600 thousand 
tons per year, and the main waste product (up to 70%) of the 
processing is flax shives. Shives are the lignified parts of 
the flax stem, mainly in the form of small straws, remaining 
after threshing stage. Usually, flax shives remain in the form 
of huge dumps or are burned for heating plants, but rational 

flax shives usage expands the possibilities to improve the 
efficiency of flax production [2, 3].

The intense development of processing plant biomass for 
fuels is due to the huge scale and importance of the problem, 
and against this background, processing of agricultural and 
forestry waste into value-added fine chemicals seems less 
noticeable. In the first place, aromatic aldehydes obtained 
by oxidation of various plant lignins, vanillin (4-hydroxy-
3-methoxybenzaldehyde) and syringaldehyde (4-hydroxy-
3,5-dimethoxybenzaldehyde), should be noted [4]. The 
world production of vanillin (prices per kilo of about $ 20) 
is 15–20 thousand tons per year [5]. Syringaldehyde can be 
an inexpensive source of trihydroxyphenyl derivatives used 
in pharmaceutics and other areas of fine chemical technol-
ogy [6].

Attempts to combine processing of lignin from plant 
waste into aromatic aldehydes and carbohydrates into etha-
nol are quite promising, despite the different scale of tech-
nologies [7, 8]. Wood processing into pulp and vanillin pro-
vided the main production of the latter in the 1950s–1970s 
and still operates today [4, 5, 9].

The most promising methods for vanillin and syringal-
dehyde production are catalytic oxidation of lignins with 
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oxygen. The oxidation of lignin with nitrobenzene (NB) usu-
ally produces slightly higher yields of aromatic aldehydes, 
but such processes are complicated due to the high NB price 
and the problems of byproduct utilization [4]. Kraft con-
densed lignins give relatively low yields of aldehydes during 
oxidation, and for this reason, they are less suitable than 
native lignins for vanillin and syringaldehyde production. 
This comparison demonstrates the prospects of the “lignin 
first” concept [10] with the use of lignin oxidation as the first 
stage of processing of lignocellulosic materials. Agrotechni-
cal wastes from processing herbaceous plants combine the 
advantages of native and technical lignins: low prices and 
the possibilities to obtain low-molecular products with high 
yields.

Flax shives contain 18–28% of lignin that is more than the 
lignin content in hardwoods and close to that in softwood. 
Possibilities to obtain valuable chemicals by hydrogena-
tion and pyrolysis of flax shives are under study [11–13]. 
There are only few works on nitrobenzene oxidation of flax 
shives (Table 1) [14, 15], the reported yield of vanillin of 
15–20 wt% based on lignin being lower of that obtained 
by oxidation of coniferous lignins (23–28%). Again, syrin-
galdehyde is obtained at a significantly lower yield from 
shives (6–11%) than from native hardwood lignins. Data 
on the yield of para-hydroxybenzaldehyde while oxidiz-
ing flax shives are contradictory and range from 0.4 to 7%. 
The yields of aldehydes from flax shives may be higher 
than those observed during oxidation of wheat straw (14%) 
[14–18].

Any data on catalytic oxidation of flax shives with oxygen 
are not found in the literature. Only a few data on the influ-
ence of the intensity of mass transfer of reagents on the rate 
and selectivity of catalytic oxidation of lignins are reported 
[4, 21, 22]. The goal of this work is to study quantitatively 
the effect of mass transfer intensity on the catalytic oxidation 
of flax shives with oxygen to aromatic aldehydes and pulp. 
The obtained results show that the oxidation process under 

study is diffusion-controlled completely. The influence of 
mass transfer intensity on the kinetics of oxygen consump-
tion and vanillin formation is successfully described by a 
simple quantitative model, and on these basics, the possibili-
ties to improve the process were found.

2  Materials and methods

Air-dried powdered (≤ 1 mm) flax shives (Linum usitatis-
simum, Rosinka type, [23], harvest of 2020, Tver region or 
Belarus origin) were used for the experiments. Lignin con-
tent in the studied materials was measured as the Klason 
lignin remaining after hydrolyzing the carbohydrate compo-
nents with 72 vol.% sulfuric acid (standard technique [24]). 
Cellulose content was measured in the form of Kuerschner 
cellulose obtained by refluxing a studied sample three times 
for 1 h with a 1:4 (by volume) mixture of concentrated nitric 
acid and ethyl alcohol [25]. The dried shives contained 29.5 
wt% lignin, 41.4 wt% cellulose, 1.45 wt% extractives, and 
1.9 wt% ash. Hemicelluloses as the main components, flax 
seeds and other impurities were the remaining 25.75 wt% 
of the sample.

2.1  Prehydrolysis of flax shives powder

A sample of air-dried raw powder was mixed with HCl 
(23%, 10 ml per gram of the shives) and kept at 20 °C for 
1 h. The powder was filtered, washed with distilled water to 
obtain the neutral reaction, and dried at room temperature, 
and the mass loss of the flax shives was determined.

2.2  Oxidation of the shives

A reaction mass was prepared by successive addition of 
required amounts of shives (50  g/l), sodium hydroxide 
(50 g/l), water (300 ml), and a catalyst (CuSO4 · 5H2O, 

Table 1  Yields of aromatic 
aldehydes in oxidation of agro-
industrial waste

*Para-hydroxybenzaldehyde; **Nitrobenzene oxidation

Feedstock Oxidation 
conditions

Yields of aldehydes, wt% on lignin (substrate)

Vanillin Syringaldehyde p-BA* References

Flax shives, 27% of lignin NBO** 20 6.5 0.4 [14]
Flax shives, 19.5% of lignin NBO 15–20 10–11 5–7 [15]
Wheat straw O2, CuO 7.0 4.8 1.6 [16]
Wheat straw NBO 13.7 12.3 4.5 [17]
Wheat straw NBO 15.6 (2.3 on 

the straw)
14.8 (2.2) 1.87 (0.3) [18]

Pinewood O2, CuO 20–28 - - [7, 8]
Softwood NBO 28 - - [19]
Birchwood O2, CuO 13 30 - [20]
Birchwood NBO 12 35 [19]
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37.5 g/l), if otherwise do not note, into a reactor under stir-
ring all the while. The catalyst converted finally in a form 
of copper oxide (12 g/l) dispersed on the shives surface and 
in water phase under the process conditions.

Experiments were conducted in a stainless steel autoclave 
[7, 8] (volume 1 l, internal diameter 95 mm, height 180 mm) 
at 160 °C and oxygen partial pressure of 0.2 MPa) equipped 
with a magnetic stirrer (stir bar diameter 10 mm and length 
60 mm) at 100–700 rpm during 60 min, if otherwise do 
not note. The process conditions were chosen according to 
our data [7, 8]. Heating (in argon) and temperature stabili-
zation took 25–40 min, and then oxygen was introduced. 
Oxygen was fed into the reactor from a calibrated buffer 
volume through a valve to maintain the constant pressure 
in the reactor. Amount of the consumed oxygen was calcu-
lated from a change in pressure inside the buffer volume. An 
error of an experimental points in the curves of the oxygen 
consumption is determined by an accuracy of manometer 
used (10 kPa) and estimated as 4.2 mmol. Temperature was 
maintained automatically with ± 2 °C accuracy. After oxi-
dation, the reactor was cooled down to 90 °C for 20 min, 
excess pressure was vented to the atmosphere, and the reac-
tor was opened.

The rates of oxygen consumption were estimated on the 
kinetic curves in the time interval 5–15 min. Errors were 
estimated as the standard deviation, confidence intervals at 
the 68% confidence level calculated by the method of least 
squares. They are given in the corresponding figures. A dou-
ble arithmetic mean standard deviation at the 95.5% confi-
dence level was calculated according to Eq. (1):

where sm is arithmetic mean standard deviation, s is the 
standard deviation, and NEP is the number of experimental 
points. Most part of the experiments on oxidation were made 

(1)2sm =
2s

√

(NEP − 2)

twice, ones to register the oxygen consumption, and ones for 
sampling to analyze vanillin and syringaldehyde. Samples 
of the reaction mass of 13–15 ml volume were taken from 
the reactor through the special valve during the oxidation 
process and after the experiment. To analyze the reaction 
products, the solution was acidified with HCl to pH 3–4, and 
triply extracted with chloroform. Vanillin concentration was 
determined by GLC (Chromos Engineering GH1000 chro-
matograph, column 30 m × 0.32 mm, stationary phase 25% 
trifluoropropyl polysiloxane), column temperature 180 °C, 
and anthracene was used as internal standard.

3  Results and discussion

3.1  Oxidation of the original flax shives

Milled flax shives (≤ 1 mm) were oxidized with oxygen in 
an alkaline medium at 160 °C and partial oxygen pressure of 
0.2 MPa over copper oxide as the catalyst (a solution of cop-
per sulfate was loaded into the reactor). Monotone curves of 
oxygen consumption were observed earlier in the processes 
of wood and lignosulfonates oxidation [4, 7, 8, 21, 26]. Oxi-
dation of original flax shives proceeds different way under 
similar conditions: the stepwise time dependences of oxygen 
consumption were obtained and poorly reproduced (Fig. 1). 
These problems become more pronounced as the mass trans-
fer decreases in intensity (stirring speed, the volume ratio 
of gas to liquid in the reactor). The step-like curves of the 
oxygen consumption are not evidently related to the errors 
of pressure measuring in the reactor and buffer tank that 
were used to calculate the volume of oxygen consumed. The 
volume of oxygen consumed decreases when the volume of 
the liquid phase increases, i.e., when the mass of the shives 
in the reactor increases.

The results obtained show that there are at least two types 
of diffusion limitation of the oxygen consumption by the 

Fig. 1  Impact of the reaction mass volume on time dependence of oxygen consumption at different stirring speed—300  min−1 (a) and 500  min−1 
(b). Process conditions: flax shives loading, 50 g/l; NaOH, 50 g/l; CuO, 12 g/l; partial oxygen pressure, 0.2 MPa
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liquid phase components in the reaction system under con-
sideration. The first barrier can be localized at the liquid–gas 
interface in the form of gas-tight films. It forms and destroys 
accidentally, and its origin is discussed in Section 3.2. The 
second effect of diffusion limitation is caused by the viscos-
ity of the liquid phase; this is the reason for a decrease in the 
oxygen consumption with increasing volume of the reaction 
mass. The first barrier is mainly overcome under conditions 
of maximum mass transfer intensity at the highest stirring 
speed and the minimal volume of the liquid phase in the 
reactor (Fig. 1b).

Similar trends (reduction of the oxidation rate—some-
times down to complete halt—due to the increasing lignin 
concentration) were observed in catalytic oxidation of straw 
soda cooking liquor, lignosulfonates [16, 26], and brown rot-
ted pine wood [4]. The complete stoppage of the process was 
accounted for by the lignin condensation to form a gas-tight 
polymeric film on the liquid–gas interface that impedes the 
access of oxygen to the reaction mass [4].

3.2  Oxidation of prehydrolyzed flax shives

In the system under consideration, the chemical nature of 
the diffusion barrier at the gas–liquid interface may relate 
to flax mucilage but not lignin derivatives. Whole flax seeds 
and their pieces were found in the initial and milled samples 
of shives from Tver region (Tver shives). The flax mucilage 
concentrated in flax seeds contains 50 to 80% carbohydrates 
and 4 to 20% proteins [27, 28]. The flax mucilage forms 
colloidal solutions, and sol–gel transitions may occur near 
the gas–liquid interface as a result of water evaporation or 
oxidation with oxygen to form a weak but gas-tight film.

The ether bonds of polysaccharides are known to be 
hydrolyzed in an acidic medium and quite stable in alkali 
solutions [29]. For this reason, we used acid prehydrolysis of 
flax shives to remove soluble hydrolysis products in order to 
avoid the diffusion limitations which generate the stepwise 
time dependences of oxygen consumption. Earlier, we used 
similar acid prehydrolysis of wood for hydrolyzing hemi-
cellulose and lignin to decrease alkali consumption and to 
increase vanillin yield [8].

Table 2 shows the component composition of flax shives 
samples from Tver and Belarus, original and prehydrolyzed. 
As a result of prehydrolysis, flax shives lose 10% of their 
mass, mainly due to the dissolution of hemicelluloses. The 
ash content of the flax shives is noticeably reduced, while 
the contents of lignin and cellulose increase. Variation of 
the hydrochloric acid concentration (23–28%) changes the 
degree of hydrolysis insignificant.

All the data below are obtained with flax shives from Tver 
region except specially noted results. Table 3 compares cata-
lytic oxidation of the original and prehydrolyzed shives for 
the reaction masses of identical compositions. The oxygen 

consumption by prehydrolyzed shives was as high as ten 
times of that during oxidation of the original non-hydrolyzed 
shives at high reaction mass loads (400 ml). This ratio of the 
oxygen amount consumed by the prehydrolyzed and original 
shives decreases from 10.8 to 1.5 when the reaction mass 
decreases in volume. Hence, the diffusion limitation of oxy-
gen mass transfer in the reaction mass volume weakens upon 
removal of the easily hydrolyzable mucilage and carbohy-
drates from the flax shives. Data on the dynamics of oxygen 
consumption during oxidation of the original and prehydro-
lyzed shives (Fig. 2) also show that the steps are observed in 
the curves of oxygen consumption in oxidation of the origi-
nal shives but practically not in the curves of oxidation in the 
prehydrolyzed feedstock. Hence, prehydrolysis and mucilage 
destruction prevent the formation of gas-tight films on the 
gas–liquid interface during oxidation and thus eliminates 
this barrier for oxygen mass transfer. Comparing the curves 
of oxygen consumption with original flax (Fig. 2a, b) reviles 
unusual dependence; the smaller the reactant volume is, the 
higher the oxygen consumption. This may be accounted for 
the non-Newtonian behavior of the reactant suspension and 
will be discussed below (Section 3.4).

Prehydrolysis of shives also leads to an increase in the 
vanillin yield during the oxidation process (by 20–40%), 
although the effect is less significant than an increase in the 
oxygen consumption. The vanillin yield from the prehydro-
lyzed flax shives varies slightly (by 8–9%) with a decrease 
in the loading of the reaction mass into the autoclave. The 
results obtained show that the diffusion limitation in the oxi-
dation process suppresses the oxygen consumption much 
stronger than the vanillin yield. On one hand, such difference 
is caused by the fact that the oxygen is mainly consumed 
in the side processes of oxidation (oxygen consumption 
per formed vanillin is 18–156 mol/mol, (Table 3) but not 
for the vanillin formation. On the other hand, it has been 
recently shown that during catalytic oxidation of lignins with 
oxygen, the hydroperoxides are formed in the solution, and 
their concentration exceeds significantly the concentration of 

Table 2  Composition of flax shives from Tver region and Belarus, 
original and prehydrolyzed with hydrochloric acid (10  ml/g) for an 
hour at room temperature. Weight loss as a result of prehydrolysis, 
10%

a Prehydrolysis by 23% HCl
b Prehydrolysis by 28% HCl

Component Flax shives from Tver 
region

Flax shives from Belarus

original Prehydrolyzeda original Prehydrolyzedb

Lignin 29.5 32.5 24.5 26.4
Cellulose 41.4 42.3 39.6 42.9
Ash 1.9 0.5 1.4 0.2
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dissolved oxygen [30, 31]. These hydroperoxides, along with 
molecular oxygen, can oxidize lignin to vanillin and thus 
reduce the effect of  O2 mass transfer on the vanillin yield in 
the process. The difference between the diffusion limitation 
of the oxygen consumption and vanillin formation has not 
been discussed before; it can be used to reduce the oxygen 
and, possibly, alkali consumption in the processes of lignin 
oxidation to aromatic aldehydes.

3.3  Influence of the stirring speed on the rate 
of oxygen consumption

Figure 3 illustrates the effect of the stirring speed and reac-
tion mass volume on the kinetics of oxygen consumption 
during oxidation of prehydrolyzed flax shives. The rate 
of oxygen consumption increases with the stirring speed 
(Fig. 3a) in agreement with the classical view on the kinetics 

Table 3  Comparative data 
on oxidation of original and 
prehydrolyzed Tver flax shives. 
Process conditions: stirring 
speed, 500  min−1; 160 °C; flax 
shives loading, 50 g/l; NaOH, 
50 g/l; CuO, 12 g/l; process 
duration, 60 min

Reaction mass 
volume

Feedstock Vanillin yield, 
wt% on lignin

Oxygen con-
sumption, mol

Oxygen consumption, 
mol/mol of vanillin

400 ml Original flax shives 6.46 0.041 18.3
Prehydrolyzed flax shives 10.71 0.445 102.0

300 ml Original flax shives 8.91 0.133 52.3
Prehydrolyzed flax shives 11.38 0.316 68.2

200 ml Original flax shives 8.49 0.216 133.8
Prehydrolyzed flax shives 10.46 0.333 156.2

Fig. 2  Dynamics of oxygen consumption during the oxidation of the original and prehydrolyzed flax shives at different loads of the reaction 
mass—400 ml (a) and 300 ml (b). See Fig. 1 for the process conditions

Fig. 3  Impact of the stirring speed (a) on the kinetics of oxygen consumption during oxidation of prehydrolyzed flax shives; logarithmic depend-
ence (b) of the initial rate of oxygen consumption on the stirring speed. See Fig. 1 for the process conditions
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of diffusion-controlled reactions. The relation between the 
stirring speed of the magnetic stirrer (N) and the initial rate 
of oxygen consumption ( W

O2
 ) is quantitatively revealed in 

logarithmic coordinates (Fig. 5) and described satisfactorily 
by the linear equation

With the line slope  a2 = 1.88 ± 0.17, where s = 0.17 is 
a standard deviation. The corresponding double arithmetic 
mean standard deviation of the slope  2sm = 0.13 for the con-
fidence level 0.955, and this deviation may be estimated as 
satisfied value for the process in four-phase reaction system. 
With sufficient accuracy, this means that the rate of oxy-
gen consumption is proportional to the square of the stirrer 
speed. The simplest model of the influence of stirring speed 
on the mass transfer intensity in a gas–liquid system states 
that the latter is proportional to the stirring power density 
in the bulk of the liquid phase [32]. The kinetic energy of 
the moving liquid phase is proportional to the square of its 
velocity, and the latter is proportional to the speed of stirring 
[33]. Thus, the close-to-linear dependence of the oxygen 
consumption on the square of the stirrer speed corresponds 
to the mass transfer model determined by the stirring power 
density in the liquid phase volume:

where W
O2

 is oxygen consumption rate, ai is proportional-
ity coefficients, P0 and N are the power and stirring speed of 
the stirrer, respectively.

Moreover, the transfer of stirring energy in a gas–liquid 
system is less efficient than in the liquid phase [33]:

where P and P0 are the power transmitted by the stirrer 
to the gas–liquid and liquid media, respectively. Combining 
Eqs. (3) and (4) gives an equation of relationship between 
the oxygen consumption rate and the stirrer speed in a three-
phase system:

in which the exponent coincides very precisely with 
the experimentally determined coefficient of Eq.  (2) 
a2 = 1.88 ± 0.17 for the confidence level of 0.955.

3.4  Influence of the reaction mass volume 
in the reactor on the rate of oxygen 
consumption

The influence of the volume of the reaction mass (Fig. 4) on 
the dynamics of oxygen consumption by the prehydrolyzed 
shives reveals different regularities: the absolute initial rate 

(2)lnW
O2

= a
1
+ a

2
lnN

(3)WO2
= a

3
P
0
= a

4
N2

(4)P = a
4
P
0
N

−0.15

(5)W
O2

= a
5
N

1.85

remains practically not changed in the range of liquid phase 
volumes of 200–350 ml. Hence, the initial rate of oxygen 
consumption per unit volume, i.e., the rate of the oxidation 
reaction in the liquid phase, decreases proportional to the 
reaction mass volume. Independence of the absolute rate 
from the volume of the liquid phase and the mass of the 
loaded shives corresponds quantitatively to Eqs. (3) and (6):

were P0/V is stirring power density. The rate of oxygen 
consumption is determined by the power of the stirrer and 
does not depend on the volume of the reaction mass under a 
constant rotation speed and other conditions.

The further increase in the volume of the liquid phase 
from 350 to 400 ml results in a sharp decrease in the rate and 
volume of oxygen consumed. This effect may be accounted 
for by the non-Newtonian behavior of the oxidized suspen-
sion: at low stirring power densities and rates of shear strain, 
a region with increased viscosity and disproportionately low 
mass transfer intensity is formed far from the stirrer. Such 

(6)W
O2

= a
3
P
0
= a

3

(

P
0
∕V

)

V

Fig. 4  Impact of the reaction mass volume on the kinetics of oxy-
gen consumption during oxidation of prehydrolyzed flax shives. See 
Fig. 1 and Table 3 for the process conditions

Fig. 5  Comparative dynamics of oxygen consumption by original 
(curve (1)) and prehydrolyzed (curve (2)) seed-free Belarusian shives, 
as well as prehydrolyzed Tver shives comprising flax seeds (curve 
(3)). See Fig. 1 and Table 3 for the process conditions
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increase in viscosity is not due to a change in the physico-
chemical properties of the medium but due to a decrease 
in the shear rate, the non-Newtonian dependence of the 
viscosity on the stirring speed [34]. A decrease in the vol-
ume of oxygen consumed with increasing reaction mass is 
observed in the whole range of volumes using the original, 
non-hydrolyzed shives (Table 3, Fig. 1). Consequently, the 
high viscosity of the reaction mass with mucilage of non-
hydrolyzed shives may lead to a non-Newtonian behavior of 
the system in the entire range of liquid phase volumes under 
study (Figs. 1 and 2, Table 3).

Inspection of the results obtained (Figs. 1, 2, 3, and 4, 
Table 3) shows that the flax shives oxidation is the diffusion-
controlled process, i.e., the rate of oxygen mass transfer in 
the reaction mass limits completely the chemical process of 
oxidation. In the general case including oxidation of non-
hydrolyzed flax shives, mass transfer can be limited at one 
of three stages: (1) oxygen transfer through the gas–liquid 
interface when mucilage slows the rate down to zero; (2) 
oxygen transfer through the bulk of the Newtonian liquid 
phase; and (3) oxygen transfer through the bulk of the non-
Newtonian suspension (liquid–solid reaction mass). In the 
absence of first and third factors, the dependences of the 
oxygen consumption rate on the stirring speed and on the 
volume of the reaction mass in the reactor are successfully 
described by a simple model connecting the mass transfer 
intensity and the stirring power density in the two-phase 
gas–liquid system [32, 33].

3.5  Comparative results on oxidation of seed‑free 
flax shives

The results obtained can be compared to oxidation of Bela-
rusian shives free of flax seeds (Table 2) and, therefore, of 
mucilage. As expected, oxygen consumption during oxida-
tion of the Belarussian shives proceeds without any compli-
cations: the oxygen consumption curves, as in the case of the 
prehydrolyzed shives from Tver (Fig. 3a), are monotonous 
and reach saturation in 60 min (Fig. 4). Prehydrolysis of the 

Belarussian flax shives does not change dynamics of oxygen 
consumption in the further oxidation process (Fig. 5) and 
vanillin yield (Table 4), because these shives do not contain 
flax seeds and mucilage. The curves of oxygen consumption 
of prehydrolyzed Tver and Belarusian shives are practically 
coinciding under identical conditions (Fig. 5, Table 4).

Thus, the mucilage of flax seeds in the shives slows dra-
matically the consumption of oxygen during the oxidation 
process, while the removal and destruction of mucilage by 
the acid prehydrolysis permits to eliminate almost com-
pletely this problem.

After oxidation, the cellulose content in the solid resi-
due is 77–78% of its content in the original non-hydrolyzed 
shives independently of the sample nature but 57–66% of 
the content in the prehydrolyzed shives (Table 4). A similar 
effect of prehydrolysis on the cellulose yield was shown ear-
lier [8] for oxidation of pine wood to vanillin.

3.6  Influence of stirring speed on the vanillin 
accumulation

Figure 6 illustrates the influence of stirring speed on the 
dynamics of vanillin accumulation during oxidation of the 
prehydrolyzed flax shives. There are extreme curves of van-
illin accumulation with the maximum vanillin yield varied 
between 8 and 10 wt% referred to the lignin shives. Vanillin 
content decreases after reaching maximum values due to its 
further oxidation [4, 8].

Time of reaching the maximum vanillin concentration is 
shifted from 20 to 90–200 or more minutes as the stirring 
speed decreases from 700 to 200  min−1. A similar, though 
less pronounced, influence of the stirring speed on the time 
of reaching the maximum vanillin yield was reported else-
where [21]. The previously observed extreme dependence 
of the yield of vanillin and other monomeric oxidation 
products on the stirring speed at a constant duration of the 
process [22] may be accounted for by this shift (Fig. 6a) 
of the maximum yield of vanillin in time. A weak extreme 
dependence between maximum vanillin yield and stirring 

Table 4  Comparison of the processes of oxidation of Belarusian and Tver shives. Process conditions: 300  ml of reaction mass, 500   min−1, 
50 min

a Cellulose in the oxidation residue per cellulose of the original shives, %

Feedstock Oxygen consumption Vanillin yields (per 
lignin loaded), wt%

Weight loss after 
the oxidation, 
wt%

Lignin in the 
oxidation resi-
due, wt%

Cellulose 
yield, % a

Initial rate, 
mmol/min

mmol mol/mol of 
vanillin

Original flax shives from Belarus 6.3 307.9 102.3 12.47 52.3 7.2 77.9
Prehydrolyzed flax shives from Belarus 6.8 324.6 102.6 13.1 54.1 6.3 57.1
Original flax shives from Tver 0.8 133.2 52.3 8.91 47.4 13.7 76.6
Prehydrolyzed flax shives from Tver 6.4 316.3 90.9 11.38 54.1 3.6 66.4
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speed may exist (Fig. 6), but it is negligible compared to the 
influence of the stirring speed on the time of reaching the 
maximum vanillin concentration. More difference between 
mass transfer intensity of prehydrolyzed and original Tver 
shives causes almost double, but not proportional, increasing 
the vanillin yield under the conditions used (Table 3).

It was shown above that the kinetics of oxygen consump-
tion is adequately described by Eqs. (2) and (5) based on 
the relationship between the intensity of mass transfer and 
the stirring power. If taken the reverse time of attaining the 
maximum vanillin concentration (1/tmax) as a characteris-
tic of the rate of vanillin formation, it is possible to plot 
the logarithmic dependence between 1/tmax and the stirring 
speed similar to Fig. 3b (Fig. 6b). This dependence is linear 
and has slope tgφ = 1.86 ± 0.06:

This tangent coincides with the tangent in Eq. (2) for the 
rate of oxygen consumption within the experimental accu-
racy. The corresponding double arithmetic mean deviation 
of the tangent (7)  2sm = 0.06 is less compared to the devia-
tion for oxygen consumption dependences (2). Possible 
explanation of this difference is discussed in Section 3.2.

The coincidence of the tangents of experimental 
dependences (2) and (7) with the tangent in Eq. (5), which 
follows from the known simplest laws of mass transfer, 
shows that, despite the complexity of the studied chemi-
cal process, both the rate of oxygen consumption and the 
curves of vanillin accumulation correspond to the model of 
mass transfer intensity (3)–(5) determined by the stirring 
power density in the volume of the liquid phase [32, 33]. 
As a result, the rates of oxygen consumption have a linear 
relationship with vanillin accumulation (estimated as 1/
tmax) (Fig. 7). This relationship can be used to estimate 

(7)ln
(

1∕t
max

)

= 1.86 ln N + a
6

the time of attaining the maximum vanillin concentration 
using less time-consuming experimental dependences of 
the oxygen consumption rate on the stirrer speed.

Note again that mass transfer intensity affects only 
slightly the vanillin yield but strongly the oxygen con-
sumption during the process. As a result, the oxygen con-
sumption per vanillin formed increases sharply (up to three 
times) with the intensity of mass transfer (Fig. 8). This 
dependence, as well as the effect of prehydrolysis on the 
oxidation process established earlier [8], can be used to 
reduce the consumption of oxygen and, possibly, alkali in 
the processes of lignin oxidation to aromatic aldehydes at 
a moderate intensity of mass transfer. Moderate intensity 

Fig. 6  Influence of the stirring speed on the dynamics of vanillin accumulation (a); logarithmic dependence of vanillin formation rate (estimated 
as 1/tmax, reverse time to attain the maximum vanillin concentration) (b). See Fig. 1 for the process conditions

Fig. 7  Relationship between the initial rates of oxygen consumption 
and vanillin accumulation (estimated as 1/tmax) at different stirring 
speed
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of mass transfer permits also to increase a pulp yield in 
the process [22].

3.7  Comparison of the vanillin yields 
during oxidation of the flax shives with oxygen 
and nitrobenzene

It is well known that the selectivity to intermediate prod-
ucts including vanillin can be increased in transferring the 
oxidation process from the diffusion-controlled to kinetic 
regimes [4, 32]. Such a change in the selectivity cannot be 
determined experimentally in the used reactor. It is generally 
accepted that oxidation of lignins with nitrobenzene gives 
vanillin yields corresponding to the theoretical selectivity 
limit. We used these results as estimation of the maximum 
possible selectivity of the flax shives oxidation with oxygen 
in the kinetic regime.

Table 5 shows vanillin yields in oxidation of Belarusian flax 
shives with nitrobenzene (15.1 wt% per lignin) and molecular 
oxygen (12.5%). These results and the similar results of oxida-
tion of prehydrolyzed Tver flax shives show that the transfer 
from the maximally selective process to the diffusion-limited 
oxidation with oxygen leads to a relative decrease in the vanil-
lin yield by 17–30%. In our opinion, these are unexpectedly 
low differences; they indicate a very large ratio of the rates of 
formation and oxidation of vanillin.

The results obtained for nitrobenzene oxidation of shives 
are slightly different from the literature data [14, 15]. This 
may be due to the specific features of different samples of flax 
shives. The obtained ratio of vanillin:syringaldehyde 3.4:3.7 
is close to the literature data [14].

4  Conclusions

Catalytic oxidation of flax shives with oxygen permits to 
process this waste into vanillin, syringaldehyde, and pulp. 
The latter can be converted to glucose, ethanol, levulinic 
acid, and other valuable products using enzymatic, micro-
biological, and chemical methods.

Effective oxidation of flax shives with oxygen in an alka-
line media needs studying and overcoming the problems of 
diffusion limitation of oxygen transfer through the gas–liquid 
interface. They are identified as stepwise dependences of the 
oxygen consumption on time including long (up to 20 min) 
periods of zero consumption rate. This obstacle is mainly 
caused by flax mucilage forming colloidal solutions (sols), 
and it may lead to the formation of gels on the gas–liquid 
interface and prevent the interphase transfer of molecular 
oxygen. Possible mechanisms of the sol–gel transition are 
the physical concentration of mucilage at the gas–liquid 
interface as a result of water evaporation, or the oxidative 
condensation of mucilage on the interface. This obstacle was 
overcome via acid prehydrolysis of flax shives and partial 
removal of easily hydrolyzable carbohydrates and mucilage.

The obtained results show that the oxidation process 
under study is diffusion-controlled, i.e., the rate of mass 
transfer of oxygen in the reaction mass limits completely 
oxidation of flax shives components. Three kinds of limita-
tions are observed: (1) oxygen transfer through the gas–liq-
uid interface when mucilage slows the rate down to zero; (2) 
oxygen transfer through the bulk of the Newtonian liquid 
phase; and (3) oxygen transfer through the bulk of the non-
Newtonian suspension (liquid–solid reaction mass).

In the absence of first and third factors, the depend-
ences of the oxygen consumption rate on the stirring speed 
and on the volume of reaction mass in the reactor are suc-
cessfully described by the classical model connected the 

Fig. 8  Impact of the stirring speed on the oxygen consumption 
referred to the vanillin obtained during oxidation of prehydrolyzed 
flax shives. See Fig. 7 for the process duration

Table 5  Oxidation of Belarusian and prehydrolyzed Tver flax shives 
with nitrobenzene and molecular oxygen. See Table  4 for the pro-
cess conditions with oxygen. Nitrobenzene oxidation conditions: flax 
shives, 10 g; 2 M NaOH, 350 ml; nitrobenzene, 25 ml; stirring speed, 
300  min−1; process duration, 150 min; 160 °C

Products yield, wt% per 
lignin

Vanillin Syrin-
galde-
hyde

Flax shives from Belarus
Oxidation with nitrobenzene 15.05 4.2
Oxidation with oxygen 12.47 3.4
Prehydrolyzed flax shives from Tver
Oxidation with nitrobenzene 16.1 4.7
Oxidation with oxygen 11.38 3.3
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intensity of mass transfer and the stirring power density in 
the two-phase gas–liquid system [32, 33]: the rates of oxy-
gen consumption and vanillin formation on the stirrer speed 
are linear in logarithmic coordinates with the coinciding 
slopes (tgφ = 1.88 ± 0.17 and 1.86 ± 0.06 correspondingly). 
This is the first and productive attempt to describe quantita-
tively mass-transfer regularities in the processes of lignins 
oxidation.

The found regularities show that the oxygen consumption 
per vanillin formed increases sharply (up to three times) with 
the intensity of mass transfer. This dependence can be used 
to reduce the consumption of oxygen and, possibly, alkali in 
the processes of lignin oxidation to aromatic aldehydes at a 
moderate intensity of mass transfer.

Despite the diffusion-controlled regime of the process 
under consideration, the maximum yields of vanillin per 
lignin in the oxidation processes of shives with nitrobenzene 
(15–16%) and oxygen (11–12.5%) differ by 17–30 relative 
percent. In our opinion, these are unexpectedly low differ-
ences. The observed decrease in the yields of vanillin (and 
syringaldehyde) in the processes of oxidation upon substi-
tution of oxygen for nitrobenzene can be interpreted as an 
estimation of decrease in the selectivity of the oxidation by 
oxygen when going from the kinetic to diffusion modes.

Moreover, the vanillin yields that are closer or even equal 
to the yield in the oxidation with nitrobenzene were recently 
obtained using the same reactor [7, 8] and, hence, under 
the diffusion-controlled conditions. Comparison of the pro-
cesses of catalytic oxidation of lignins with oxygen obtained 
in the present study and elsewhere [7, 8] indicates that the 
maximal theoretical vanillin yields can be attained under 
diffusion-controlled conditions.
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