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Abstract

Current study was planned to investigate the ozone selectivity for lignin in wheat straw delignification process
under controlled conditions. Operating variables such as ozone concentration, reaction time of ozone with
wheat straw and flow rate of ozone were explored and the focus was to prevent depolymerization of cellulose in
the lignocellulosic matrix. The novelty in the technique is the strategic use of operating parameters to get
maximum lignin removal and least cellulose damage in wheat straw matrix. The removal of lignin was
maximum till the first 60 minutes for the ozone flowrates of 4 L min”, 2 L min'and 1 L min" of reaction. Further
increase in reaction time above 60 min made the process less selective. The experimental work performed on the
delignification of agricultural waste by using ozone is very rare and in addition to this, the literature about
delignification of wheat straw by ozone is almost none. Results support the idea that the lignin can both sustain
and restrict the disintegration of carbohydrates. The flow rate of 2L min" with a contact time of 60 min is
recommended for optimum removal of 85% of lignin.
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1. Introduction: It widely exists in woody plant, herbaceous plant,

The enthusiasm in developing alternative forms of aquatic plant, forestry and agricultural residues,

energy is burgeoning due to bilateral perquisites in industrial and municipal solid waste, and so on, and

the field of economy and environment. Since the numerous studies have shown that lignocellulose

effect of effluents, namely crude oil, on the eco-
system, the turbulence in the prices of fuel and
because of raising health concerns, the idea of
further refinement in the sources of energy is
further adjoined [1,2] The production of fuels from
fossil-based resources is appeared to be
unsustainable because of depletion of these
resources [3] As arenewable, abundant non-edible
raw material, lignocellulosic biomass has garnered
more and more attention over the last few decades.

could be converted to biofuels and value-added

chemicals and materials in biorefinery process.

Lignocellulosic biomass is mainly consisting of
cellulose, hemicelluloses and lignin. The quantity of
these constituents varies with plant to plant.
Cellulose is the main substance in the biomass
structure [4] Cellulose is made from polymeric
chains which are associated with one another and
form strong bonds with neighboring chains [5]

Lignin is a three-dimensional polymeric material, it
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Figure 1: Lignocellulose Delignification

bonds the fibrous material such as cellulose and
hemicellulose, and it is also distributed within the
fibers [6] . Lignin is largely responsible for the
protection of the cellulose [7] Hemicellulose is a
polysaccharide which is a component of cell walls
making biomass [8]. Several approaches have been
made for the efficient lignin removal. The effectivity
of an approach is mainly based on the maximum
removal of lignin and less degradation of
hemicellulose or cellulose [912] Lignin is an
irregular macromolecule of phenylpropane units
[6]. Its monomeric composition depends strongly on
the plant species from where it is obtained [13].
Carrying out reactions on woody substances is like
the reaction on any other solid polymer surface but
the difference is that the polymers are homogeneous
but woody surfaces are not [14]. The problem in
these reactions is the choice of suitable reagent
which can transport into the not well distributed
throughout the woody matrix [15]. Therefore, non-
homogenous reaction surfaces generally resulted in
the products (such as 3-hydroxy-4-methoxybenzoic
acid, 4-hydroxy-3-methoxybenzoic acid, 2
Butanone, etc) of varying or useless properties due
to less efficient reactions.

Ozone is a strong oxidizing agent which has
electrophilic and nucleophilic sites. Selectivity is
the ratio of the rate of reaction with lignin to the
rate of reaction with carbohydrates. Selectivity of
ozone favored the attack of ozone on lignin in
opposition to carbohydrates [16,17]. Under various
ozone reaction conditions, the rate of reaction with

carbohydrates determines the selectivity while the
ozone was free to react with carbohydrates or lignin
or by products or with the free radicals. Colodette et
al (1993) investigated the ozonation as a
delignification agent [18]. Southern pine Kraft pulp
was delignified and they found that there was a
selectivity problem associated with the ozonation
reaction [Rosen et al, 2019]. It seemed that the non-
selective behavior was the problem because it
promoted the oxidation of all organic materials
present [19]

In the study of bleaching of pulp, Gierere and Zhang
(1993) pointed out that some radicals were formed
during the reactions of ozone with pulp. The
radicals formed during reaction, reacted with lignin
and carbohydrates, rapidly[20]. Ozone reacted with
organic substances by addition reactions, and it
break the olefinic and activated aromatic bonds. A
group of researchers considered it a main pathway
chemical reaction for ozonation of lignin analogous
compounds when the reaction medium is non-
aqueous [2125] In aqueous reaction system, ozone
might eliminate an electron from the substratum
such as phenolates [23,26] and the hydroxyl radical
are formed as the result of electron transfer[27]. In
the other reaction path, a superoxide radical might
be created with reacting ozone. During ozonolysis,
the superoxide radicals are converted into hydroxyl
radicals [28] or the other way around [29]. It could
be argued to decide which one of the radicals were
formed first.
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In order to investigate the causes of the cellulose
degradation during ozonation of pulp, Kang et al,
(1995) studied three lignin-carbohydrate model
systems [30] . The three model compounds used
were: 1) methyl B-D-glucopyranoside (C,H,,0)), ii)
dextrin (C,H,,0) ,, and iii) a bleached kraft pulps.
From the ozonation of lignin analogous chemical
substances, it was observed that the lignin is
capable to support and confine the disintegration of
the carbohydrates. The protective effect of the
lignin compounds was due to the competition with
the carbohydrates for the ozone [31,32] It was
observed that additional hydroxyl radicals were
created during the ozonation of lignin than the self-
degradation of ozone [30,33] The degradation of
carbohydrate is enhanced because of the easier
creation of hydroxyl radicals which is only possible
due to its phenolic structures. The study of radical
formation during the reactions of ozone with lignin
and carbohydrates have shown that the primary
product of reaction turns into the secondary ones by
further reaction with ozone [3335]. The
disintegration of cellulose during reaction of ozone
with kraft pulp was investigated by using lignin-
carbohydrate model systems and it was observed
that the free phenolic hydroxyl groups in the
presence of lignin model compounds promote the
disintegration of cellobiose [36,37]. The accelerated
degradation continued until the lignin was
completely used up by the available ozone. In
contrast, the etherified phenolic hydroxyl groups in
the presence of lignin model compounds retarded
the degradation of cellobiose. Phenolic hydroxyl
groups formed during the reaction of ozone and
lignin, in further reactions produced hydroxyl
radicals. The hydroxyl radicals have accelerated the
degradation of cellobiose during the ozonation in
aqueous medium. Lind et al. (1997) advocated that
ozone in its molecular form (O,) contributed to
degradation of up to 50% of the polysaccharides in
reaction with pulp [38]. Ragnar et al. 1999 claimed
that molecular ozone (O,) was very selective [39].
This unsettled situation became a problem for the
researchers to decide which radical should be
removed for an optimum delignification reaction.

The experimental work for delignification of

agricultural waste by using ozone is very rare in the
literature and literature about delignification of
wheat straw by using is almost none. The present
work elaborates on main aspects of above debate
whether ozone degrade polysaccharides or not. The
author hypothesized that lignin and cellulose are
not uniformly distributed in wheat straw matrix.
The contribution of super oxide radicals and/or
hydroxyl ions in delignification with ozone was also
elucidated. The major drive of this research was to
study the selectivity of ozone in the procedure of
lignin removal from the lignocellulosic matrix of
wheat straw. As Canada is one of the leading
countries among the producers of wheat, so, the
availability of wheat straw cannot be a problem
[40,41] The study was accomplished by 1)
conducting vigorous literature survey, 1ii)
performing experiments, and 11) monitoring
reaction conditions, such as reaction time, ozone
concentration and flow rate. The results obtained
were analyzed in the perspective of selectivity and
from the kinetic point of view.

2. Materials and Methods:
2.1 Plant Material:

Wheat straw (Tritium sativum) is a discarded
lignocellulosic material. For this study wheat straw
was taken from an acreage situated in the north of
Toronto city. The dust and clay particles were
removed from straw by gentle palpates. Then straw
was milled to reduce size by Retsch Inc.,
Philadelphia, USA. After size reduction, the wheat
straw was sieved to get the pre decided mandatory
sizes. The moisture constituent of the wheat straw
was calculated using LAP-001 method adopted from
the National Renewable Energy laboratory
(NREL)[42] and values were 1.6-1.8 %.

2.2 Sample Formulation:

This study is based on a technique which author has
proposed as a pretreatment for effective
delignification. The proposed pretreatment is
mainly based on exploiting physical and chemical
properties of wheat straw and water. This proposed
treatment worked in a two steps procedure:

In the first step, the oven dried samples were
immersed in 1% NaOH solution for a time of 24
hours. So that the natural wax and proteinic
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coatings from the wheat straw surface could be
removed [43] This step was necessary otherwise
there would be very little reaction between solid
state wheat straw and ozone because of coated
protection of wheat straw surface. Then they were
filtered, neutralized with deionized water. Samples
were oven dried in an oven at 105 °C, made by
Labline Inc., USA, till a consistency in weight was
observed.

In the next step, a specific amount of water was
sprayed to moist the dried sample. The amount and
mode of the application of moisture has been given
in detail in our other study. Then the samples were
wrapped in aluminum foil, placed in covered plastic
dishes, further wrapped in cellophane and placed at
4 °C to avoid moisture loss for 24 h. The moistures
were allowed to be absorbed into the wheat straw
which increased the surface area of wheat straw by
swelling. This step increased the active sites for
reaction with ozone. Then samples were subjected
to ozonation for specific time after preparation

2.3 Ozone Generation and Exposure:

Pure oxygen was used to generate ozone using an
ozone generator, PC1-WEDCO, Model GL-1, West
Caldwell, New Jersey, USA. The generator was
designed to produce ozone in the concentration
range of 13.1 to 65.5 mg/L in ozone-oxygen stream.

O, + 2KI + H,0
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Linde Canada Limited supplied oxygen in cylinders
to useinthe generator.

Various kinds of reactors were used to provide
interaction between flowing ozone streams through
wheat straw. One of the reactors was having the
walls of clear PVC, the particles of wheat straw
turned into charged particles on reaction with
ozone, attaching with the walls of PVC reactor, the
reaction with ozone was not adequate, and in
addition the wastage of material was unbearable.
The most satisfactory reactor having a stainless-
steel reaction chamber was a fluidized bed column
reactor of 3.5 cm x 25 cm size. Control valves were
there to control the in and out flows of ozone through
the reactor. At first, passing through a diffuser,
ozone entered in the reaction chamber with a
homogenous distribution where it interacts with
wheat straw uniformly. The amount of incoming
ozone was measured with spectrophotometrically
(at 257 nm).

2.4 Potassium Iodide Method:

Unreacted ozone in the effluents was collected in an
1odide trap (gas absorber) that was containing 0.2 M
potassium iodide solution, placed in ice jacket. The
effluent gas was bubbled through it. The reaction
between ozone and potassium iodide solution is:

(1)

Ozone trap relying on this reaction has been used in several research works and was found effective [4448]
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Figure 2: Set up for the detection of ozone consumption [49].
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Then the amount of ozone was determined by
titrating the liberated iodine in excess of potassium
iodide solution with standard sodium thiosulphate
solution. using phenolphthalein as indicator:

I, +25,03~ — 21~ + 5,0% - ()
One mole of 1odine reacts with two moles of
thiosulphate and we know that one mole of iodine is
produced by one mole of ozone.

2.5 Detection of Lignin:

The hydrolysis of the ozonated samples was
conducted in 15 ml of 72% H,SO, for the contact time
of 20 min at 4 °C, then 2 h at 22 °C, and afterwards
boiled for 4 h in 3 % H,SO,. During room
temperature hydrolysis, mixing at every 15 min is
important to have homogenous contact of acid with
particles (wheat straw), a less attention to the detail
may affect results. After cooling, the solution was
filtered by using glass filter. After three-stage
hydrolysis with H,SO,, the samples were dried at
105 °C overnight. The calculated weight of dried
solids agrees to the amount of acid-insoluble lignin
plus the ash contents in the sample and it is
described as Klason lignin. The weight of the ash
contents was established by heating solids to 575 °C
for 3 hours. The standard biomass protocol from
National Renewable Energy Laboratory (NREL)
was used to determine the amount of ash[50] . The
Laboratory Analytical Procedure (LAP), LAP-003 of

NREL was followed to determine acid insoluble
lignin [51] and acid soluble lignin in wheat straw
samples was evaluated by using LAP- 004 of NREL
[61]. The UV / Visible Spectrophotometer was used
to determine the concentration of acid soluble lignin
in the filtrates, at 205 nm.

2.6 Detection of Glucose:

The residues of Klason lignin were used to calculate
total holocellulose (Cellulose and hemicellulose) in
the wheat straw sample. 150 ml of water was heated
to 75°C and 5 grams of the residues were added in it
while keep stirring the solution. Then, 10 drops of
CH3COOH (glacial) and 1.5 g NaClO, were added.
Same number of reagents were added periodically
after each hour till the total time was 4 hours. The
suspended slurry was cooled, filtered and washed
with distilled water, then with C,H,O and dried at
105°C. The holocellulose is then estimated
gravimetrically [52].

3. Results and Discussion:

The degree of delignification of wheat straw lignin
was determined at various flow rates of ozone
ranging from 1L/min to 4L/min at 20 °C and 1 atm.
The experimental results obtained during this
study are depicted in Figure 2. Each point obtained
was an average of the experiments conducted at
triplicate.
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Figure 3: Lignin removed as a function of time of reaction [50]
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The delignificationwas fastin thestart; itincreased
as the reaction proceeded. For the experiments
conducted at 4L/min the curve started leveling off
after 60 min of the reaction, for 2L/min this stage
arrived at 90 minutes and for 1L/min this stage was
arrived late 1.e., 120 minutes of the ozonation.
Initially the reaction was very fast due to the open
availability of ozone for every reaction site, with the
passage of time the sites after reaction with ozone
were not available for further reaction. Hence,
ozone travelled through pores and move through
the sites to proceed as intra-particular reaction. The
occupancy of sites, hindrances to transport for ozone
from used sites to the next ones and the formation of
reaction products caused the reaction rates to
decrease. So, there was a decrease of reaction with

increase in reaction time.

In this study, ozonolysis was carried out at ambient
temperature and pressure to prove that it was a
milder reaction. A separate experiment was
performed for prolonged contact time
(approximately 5 hours) to evaluate selectivity of
ozone and it was observed that this oxidation
process could be a risk of significant loss of organic

matter such as hemicellulose and cellulose. Because

40, + C,H,,

As the delignification reaction of ozone proceeds,
the exposed cellulose fibers may be broken down
into many short cellulose chains [5860]. Let us
suppose the reaction is as given in Equation 5:

Products &)

The ozonation influence the degradation of

Ozone + Polysaccharides

Vol. XXXXX

40 to 50 % material loss was measured. It occurred
because the aromatic rings in lignocellulosic
structure were broken down (primary products) and
the primary products formed were further oxidized
and gives secondary products. It was deduced thata
part of the ozone started reacting with cellulose and
hemicellulose constituents of wheat straw aside
from lignin. Similar results were also reported by
other groups of researchers [5355] [55,56,57]. Let's
conceive the chemical reactions taken place during
ozonation of wheat straw while supposing that
ozone was not decomposed, and wheat straw was
mainly composed of lignin and polysaccharides.
Hence, Equation 3 is,

Ozone + Lignin Products 3)
Binder et al., 1980, reported that the products
formed during ozonolysis were acetic acid, formic
acid, formaldehyde and methanol. The dissolved
organic carbons (DOC) were containing 20% of the
products formed [53]. The most part of the products
left behind were other types of carboxylic acids for
example muconic acid (C;H,O,) and oxalic acid
(C,H,0) [55,57].
lignin is of phenyl propane type, therefore,

For simplicity suppose that all

Equation 3 can be modified as Equation 4: A

CHO, + CHO, + 2H,0 + CO, (4)

creation of small chains of cellulose, which
enhanced the delignification, i1) the generation of
lactones which showed the adverse effect [61].
Suppose all polysaccharides are in the form of
glucose, then the ozonation reaction would convert
it to Gluconic acid and Glucuronic acid like

polysaccharides in two (2) opposite pathways: 1) the Equation 6:

30, + 4Cb'HIZCﬁ' Cﬁ'HJ2O7 + Cb'HJUOﬁ' + 3HzO + C(;Hm 07 + C(;Hw 07 + 30, (6)
Water formed during the reactions and the water Equation 8:
present as moisture reacted with ozone and produce 0, + 0H O + Ho! (8)

hydroxyl, peroxide and superoxide radicals as in
Equation 7:

0, + H,0 O + 20H (7)
The reaction between hydroxide ions and ozone lead
to the formation of one superoxide anion radical
and one hydroperoxyl radical [62,63] as given in

The HO,’ radical formed could react with ozone and

generate Oh‘radicals, the oxidizing power of OH’
radical is 2.72 V in acidic vehicles and 2.32 V in
neutral vehicles [64], Equation 9.

0, + HO 20, + OH' 9)
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A group of researchers [65] agreed with the results
of this study that OH’ radicals were produced
during: (i) decomposition of ozone which transform
OH ions [66], (i1) reaction of ozone molecule with
lignin[67]

3.1 Kinetics of the reaction of ozone with
wheat straw:

Kinetics of the reaction was studied, and it was

observed that it follows pseudo second order model
as given in the Figure 3. The ozonation process
assumed to proceed in three steps, surface and
diffusion reactions followed by intra-particular
diffusion reactions, discussed in another
publication by the author. In the present study, all
the three reactions are represented by a single,
pseudo kinetics second order rate constant k.

= 1
§ t'qe (1L/min) = 0.0055x + 0.0429 : : :
E 08 - 2 = 0.9907 #4L /'min #2L'min &1L 'min
2 t'gi (2L/min) = 00055z + 0.0318
06 7 i 32=¢].99'55
=
204
‘“E t'qi (4L /min)= 0.0054x + 0.0203
E 02 = = (9983
:';- 0 ! {
0 25 50 TS 100 125

Time of @zonation, minutes'

Figure 4: Lignin removal kinetics follow pseudo second order reaction.

The plot t/q, vs t for the ozonation kinetics of wheat
straw for different flow rates of ozone, where 'q,' was
the amount of lignin removed after time 't' of
ozonation. The experimental data points obtained
for all the flow rates ranging from 1 L/min to 4L/min
at ozone concentration of 2%. The trend lines
obtained through the plotted data points showed
that the coefficient of determination was over 99%.
It means that 99% variation in t/q, is due to
variation in time of ozonation. The kinetic study
conducted for ozonation of glucose present in the
wheat straw also showed that it followed the pseudo
second order model. In fact, the excessive supply of
ozone during this reaction leads to chemical

reaction, which follow pseudo second order reaction
model. A graph of parameters 't/q,' against 't' for the
kinetics of ozonation of glucose present in wheat
straw for different flow rates of ozone is given in the
Figure 4. The degradation of glucose by reaction
with ozone (between 2L/min to 4L/min) follow very
close pattern. These higher flow rates of ozone
support side reactions such as coupling of
delignification radicals and further depolymerizing
of degraded glucose fragments. The coefficient of
determination for the glucose exposed as the result
of ozonation of wheat straw were more than 99%
which was a good representation of the reaction
kinetics.
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Figure 5: Glucose disintegration by ozone follow pseudo second order kinetics.

The higher r* values clearly suggested that the
interaction of O, with lignin and glucose in the
matrix of wheat straw was successfully represented
by the proposed pseudo second order kinetic
reaction model.

3.2 Ozone concentration:

In order to examine the influence of the [O,] on the

lignin removal process, ozone was introduced at
various concentration of ozone in ozone-oxygen
streams ranging from 1 wt% to 5 wt %. The amount
of ozone was maintained for 60 minutes at a fixed
flow rate of 2L/min and during this part of study.
The results of this study are given in the Figure 6

100
. B0+ =i i
& = 4
?-'l Eﬂ 4
=
g 07
&
= 50 +
50 | : : |
0 1 2 3 4 5

Ozone concentration, wt %

Figure 6: Percent of lignin removed as a function of the O, concentration in the O, - O, gas stream.
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Increase in the ozone concentration [O,] increases
the rate of interaction according to the Le
Chatelier's principle more of the reactant molecules
'0,' are present to generate the reaction products.
The increase in ozone concentration provided more
access to the substrate's reaction sites. In general,
chemistry reactions as concentrations of reactants
reached a high limit then further increase in the
concentration has little effect on the rate of reaction.
Same was the case here, increase in the [O,] has a

pronounced influence on the rate of lignin removal

60

up to 4 wt % and further increase in ozone
concentration has decreased delignification. The
decrease in delignification can be attributed to the
coupling of lignin phenoxy radicals (2,6-di4-butyl-4-
methyl and 2,6-di-i-butylphenoxy, 2,4,6-tri-i-
butylphenoxy) and formation of bigger lignin
molecules [68]. The effect of reaction of ozone at
various concentrations on the cellulose of wheat
straw 1s given the Figure 6. The amount of lignin
exposed by the reaction was almost the same for 1-2
wt % concentration of ozone. It started decreasing
with increase in ozone concentration.

%o Cellulose exposed
[} Lad =
+= L= =]
1 [ 1
I 1 I

[
[
I
I

T

[}
(=
Fd 4=

3 4

L

Ozone concentration, wt %

Figure 7: Percent of cellulose exposed as a function of the [O,] in the O, - O, gas stream.

The Figure 6 and Figure 7 have shown considerable
dissimilarities in the concentration profiles for
lignin and cellulose degradation. The dissimilar
concentration profiles lead to diverse reaction
results. It is clear from the results that
delignification was increased by increase in
concentration and then it started decreasing. The
same thing happened to cellulose degradationi.e., it
increased initially then it started decreasing. The
delignification was maximum between the ozone
concentration of 4 wt % to 5 wt % while the
degradation of glucose started with a higher value
reached to its maximum at 2 wt % ozone
concentration and further increase in concentration
in the ozone decreased the degradation of cellulose.

The increase in ozone concentration in ozone supply
start contributing to secondary reactions because
there was excess of ozone, limited reaction sites, and
towards the prolonged reaction times the site were
not accessible. Ozone is an oxidizing agent; its
molecules reacted with other electron rich
molecules for example double bond or aromatic
groups present in wheat straw lignin. It has been
observed in this study that ozone was not selective
in its reactions because molecular ozone act as a
dipole, as an electrophilic agent, and as a
nucleophilic agent. However, duringozonolysis, the
lignin was degraded, and the carbohydrates present
in wheat straw were found degraded, as well. The
ozone 1s not selective in oxidation reactions. The
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ozone (O,) has a high oxidation potential value of
2.07 V which further increases with the presence of
a catalyst OH® species to 2.8 V. This oxidation
potential characteristic makes ozone more
demanding candidate for reactions. The hydroxyl
radicals (OH’) produced by the reaction of ozone
with water. The degradation of carbohydrates was
due to the existing of hydroxyl radicals (OH")
[6871]. In the presence of oxygen, the organic
radical formed is generally further oxidized to yield

a carbonyl group
R+ 0, R, (10)
RO, R, 2 11)

Hydroxyl and superoxide radicals are short-lived
intermediate species formed during the
delignification processes. Although they are look-
alikes, the characteristics of these two radicals are
quite different. The hydroxyl radical (HO") is
denoted hydridooxygenyl according to modern
TUPAC nomenclature, while the superoxide radical
(0, ") is named dioxideyl(1). Reitberger et al (1999)
studied radical formation during ozonation in
pulping process and reported that O,” (superoxide)
has mainly reducing behavior, selective, diffusible,
delignifying while OH” (Hydroxyl) has strongly
oxidizing nature, non-selective, non-diffusible, and
partly delignifying [72] . The term diffusible reflects
the fact that superoxide has a lifetime and can
thereby move in a solution from its site of formation,
whereas this is not the case for the extremely short-
lived and reactive hydroxyl. Superoxide is to be

Vol. XXXXX

considered delignifying due to its capability of ring-
opening of aromatic rings, while hydroxyl is partly
delignifying since it can hydroxylate aromatic rings.
Superoxide can be protonated to hydroperoxyl
(hydridodioxygenyl), HO,” with a pKa-value of 4.88.
Hydroxyl behaves as an acid with the corresponding
base, the oxyl (oxide-y,(1)), O" The pKa-value of
hydroxyl is 11.9. The half-life of ozone is about 30
minutes at standard temperature and pressure and
OH" has a half-life of 10° second. Hence, the OH°
radicals are species that cannot move in the solution
or diffuse in the fibers (unable to diffuse). Therefore,
the OH’ radicals react only in the place where they
are generated. On the other way, the O,” radical
penetrate the fiber [73]. Ragner (2000) stated his
experience that the O,” radical was found selective,
since it did not react with carbohydrates, or its
reaction was negligibly small. It indicated that its
existence was not a problem for the degradation of
carbohydrates. On the other hand, the O,” radical
diffuses inside the fiber, generate OH’ radicals and
disintegrate cellulose [34]. Therefore, the O,”
radical increased the formation of OH’ radicals and
served as carrier of the OH® [73] into the cellulose
fibers.

The Figure 8 explained that the ozonation reaction
at a flow rate of 2L min"' delignification and
cellulose degradation increased was dependent on
the ozone consumption. At low flow rate (1Lmin™)
the ozone was completely used up by delignification
reaction while the reaction of cellulose degradation
was almost the same throughout the reaction.

o0

myg/me of W
I

0 I I

36 ——‘3/@/'6/_/%

For 2L/min —* %clignin —S— % Cellulosed

0 16 32

48 64 50

Ozone consumed, millimoles
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Figure 8: Percent of lignin delignified and cellulose degraded as a function of ozone consumed.

It proved author's hypotheses (mentioned in
introduction para 6) that lignin and cellulose are
not homogenously distributed in the wheat straw
matrix. If lignin and cellulose are homogenously
distributed in wheat straw the amount of lignin
removed should be the same as the amount of
cellulose exposed. Or at least in the proportion as
they were constituted in wheat straw but the
results obtained were different. It means that ozone
came in reaction with lignin first. Ozone reacted at
the available reaction sites of lignin and started
moving towards cellulose where it is present in a
sponge like structure. While at the same time ozone
passed through the pores of wheat straw and
started reacting with cellulose in the interior of the
straw. As the rate of delignification decreased with
time, it may be expected that at some point the rate
of ozone consumption will decrease but it did not
happen. This observation told author that cellulose

oo
[

is on the hit now. Mbachu and Manley, 1981, came
across the similar situation when they were
studying ozonation of spruce lignins in 45 % acetic
acid solution [75]. The molecular weights of the
dissolved products were measured and concluded
that the weight-average molecular weights
increased initially with time of ozonation but
started decreasing after 15 minutes. It led to add
another piece of knowledge that the soluble
products were defragmented and further the
defragmented products were using ozone as well.
Another reason could be the formation of oxalic acid,
which was formed as a result of delignification, and
decreased the degradation of depolymerized glucose
fragments [76,77. Figure 9 (below) is a comparison
of amount of ozone supplied and the amount of
ozone consumed duringthe ozonation processas the

function of reaction time.
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Figure 9: Ozone supplied and consumed as a function of reaction time.
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It shows that the ozone consumption increases as
the flow rate increases. At the large flow rate of
ozone, large quantity of ozone was going into the
reactor despite the fact higher amount of ozone gets
involved in the secondary reactions with biomass.
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Consider Figure 10 where the percent of
delignification of the lignin present is plotted
against the percent of cellulose exposed due to the
ozonation reaction.

e
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Figure 10: Cellulose exposed as a function of lignin removal.

According to the Figure 10 (above) the rate of
delignification increased accompanied by same
sharp increase in cellulose exposed for the first 5
minutes. After this quick reaction the amount of
lignin removed is elevated further and the degree of
delignification decreased and at the same time the
cellulose degradation also decreased. The slope at
the first two (2) points is 2.44 while it is decreased to
0.47 for the last two (2) point in the curve for the
ozone flow rate of 2L/min, which means that there
was a significant decrease in the degradation of
cellulose. In other words, the degradation of
cellulose was decreased to over one fifth of the
delignification rate at the time of reaction. It can be
implied that the reaction of ozone towards cellulose
was hindered. The difference of the extent of
reaction became very much clear at ozone flow rate
of 1L/min when increase in ozonation is not serving
any increase in degradation of cellulose which
means reaction mechanism was not supporting
reaction of ozone with cellulose. At low flow rates of
ozone supply, there is no forced diffusion to the
wheat straw metrics. Therefore, ozone reacts with

the surface and lignin is being degraded while
cellulose 1s not. This is another proof of hypothesis
that lignin is mainly located at the surface of straw
and it is not evenly distributed. The less
degradation of cellulose can be attributed to: 1) low
direct accessibility of ozone to the cellulose sites, 11)
protection of cellulose by the formation of reaction
products such as oxalic acid, i11) the lignin can act
both waysi.e., it can both support and restrain the
degradation of the carbohydrate. Comparing with
the results described by Ragnar et al 1999 for the
produced radicals, it could be deduced that increase
in delignification was due to the generation of
hydroxyl radicals and slowing down due to oxalic
acid.

3.4 Model of Selectivity Reactions:

Through literature survey and based on our
experimentation it can be stated that ozone reacts
with lignin and polysaccharides without any
discrimination. The rate selectivity parameter for
two parallel reactions can be defined as following
[78]:
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Selectivity =

The selectivity of ozonation reaction to the
components of wheat straw can be defined by
Equation 13:

S= rl (13)
rc

Where r; is the rate of delignification and r, is the
rate of degradation of cellulose. The rate of
reactions can beillustrated as Equation 14 15:

r _de _ (14)
o TR
r. _dec. (15)
C:dt :kccg

dC, / dt is the rate of change in lignin concentration
dC.dt is the rate of change in

concentration of cellulose with time. k; is the rate

with time.

constant for lignin and k, rate constant for cellulose.

(12)

rate constant for the degradation of cellulose

C,is concentration of lignin and C, is the
concentration of cellulose. Where and are
concentration exponent in the corresponding rate
laws. Therefore, from Equation 13 and 14 we can
write:
ﬁ
S= Ml ~ (16)
dt

The Equation 16 (model of selectivity) would be
used in the discussion of selectivity of reactions of
ozone in later part of the section results and
discussion. In the Figurell, upper part shows the
rate of delignification, and the lower part is about
the rate of degradation of cellulose as a function of
the time of Ozonation. The first observation was
that dC,/dt and dC./dt present almost the same

pattern along the reaction with the reaction.
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Figure 11: Rate of change of reaction.
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The values of dC,/dt after 30 minute of reaction was
in the range of 6- 9% for the flow rates of 1 L/min to 4
L/min of ozone. After 60 min, rate of delignification
further decreased to 3 5% for the given flow rates.
The decrease in dC,/dt was correlated with the
reduction of lignin contents in the wheat straw
fibers. The values of dC./dt after 30 minute of
reaction was in the range of 2- 13% for the flow rates

Vol. XXXXX

of ozone between 1 L/min to 4 L/min. After 60 min,
rate of degradation of cellulose further decreased 1
6% for the applied flow rates. The decrease in dC./dt
could not be attributed to the number of
polysaccharides that remain almost unchanged
during the reaction with ozone. The Table 1 was
intended to show the selectivity of the reaction of
ozone with the lignin and cellulose present in wheat
straw based on their reaction rate constants

Table 1: Selectivity of ozonation in wheat straw

Parameters 4 L min" 2 L min” 1 L min™
Rate constant of delignification, k; 1.44E-03 9.51E-04 7.05E-04
Rate constant of cellulose degradation, k, 1.59E-03 1.29E-03 1.45E-03
Selectivity 9.06E-01 7.37E-01 4.86E-01

It can be observed that change in flow rate has not
significant effect on the selectivity. Comparing
[ozone] in the O.,-O, reaction stream it can be
observed that increased concentration makes
reaction more selective due to the formation of

oxalic acid. The Table 2 was designed to show the
selectivity of ozone based on their reaction rate
constants. It can be observed that the selectivity of
ozoneis 10" 10°.

Table 2: Interaction of ozone with model compounds

Species Name Species type | Rate constants | Reference
styrene lignin 1.00x10° [79]
p-cresol lignin 3.30 x 10* [80]
Cellobiose carbohydrate 0.21 [81]
d-Glucose carbohydrate 0.17 [79]

The differences between the results given in Table 2
and in our investigations could be due to several
reasons. 1) Thereaction performed by Hoigne and
Bader (1981) are homogenous type because these
reactions were performed in liquid phase while in
our study it was a heterogeneous type i.e, ozone in
gas phase and it reacted with the components of
wheat straw in solid phases. 2) Hoigne and Bader
reacted pure solutes (model compounds) with ozone
while in our study lignin, cellulose, hemicellulose,

proteins, waxes they all were in natural state in the
matrix of wheat straw. 3) Reactants in Hoigne and
Bader's system are in free to move state while in our
study lignin and cellulose are embedded in a matrix
in wheat straw and ozone has to find way to reach to
the far placed reaction sites. 4) Moisture contents in
wheat straw. Moisture on ozonation generated OH’
radicals. OH radicals are very much less selective
than ozone. Consider Table 3 where the selectivity
of OH’ radical was in the range of 5-6 times.

Table 3: Selectivity of hydroxyl radicals for model compounds

Species Name Species type | Rate constants, | Reference
Veratrolglycol lignin 1.5x 10" [82]
Veratrolglycol

B-glycol ether lignin 1.7x 10"
Me-B-D-glucopyranoside carbohydrate | 3.2 x 10’
Me-B-D-xylopyranoside carbohydrate | 2.6 x 10’
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This observation led to think that the OH® radical
formed, reacted more readily with carbohydrates
than ozone molecule. The moisture contents were
used to make wheat straw swell and give
accessibility to ozone because of increased surface
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area, worked very well we were able to reduce lignin
contents up to 92 % in the wheat straw sample of the
amount of lignin present naturally. Consider Table
4 where sensitivity of the rate of reaction is given as
a function of time and flow rate.

Table 4: Selectivity of ozonation, (dC;/dt) / (dC/dt)

Time 4L min’ 2L min’ 1L min"
10 min 4.49E-02 6.03E-02 8.83E-02
30 min 1.17E-01 1.39E-01 1.05E+00
60 min 1.29E+01 6.48E+00 3.33E-01

It is to be noted that with a decrease in flow rate
from 4L/min to 1Lmin the selectivity increased. The
increase in selectivity was almost 50 %. Increase in
time of reaction from 10 minute to 60 minutes it
decreased from a value of 4.49E-02 to 1.29E+01 for
ozone supply of 4L/min. For the case of ozone flow
rate at 1L/min the selectivity is decreased initially
up to 30 minutes and then it started increasing till
60 minutes. The behavior of ozone at 1L/min was
quite natural i.e., after 30 minutes of ozonation the
amount of oxalic acid was increasing the protection
barrier remained increasing till 60 minutes of
ozonation reaction time. In our studies lignin was
more accessible to degrade because of the action of

ozone and OH’ radicals. A compromise is required
between the time of ozonation and the
characteristics of the desired product. Forexample,
Table 5 indicated the 69 % of lignin removed was
associated with the removal of around 27 % of
cellulose degraded when ozone was supplied for 30
minutes at a flow rate of 1L/min at the
concentration of ozone 2% wt in ozone oxygen
stream. Increase in reaction time to 60 minutes lead
to percent removal of 77 % of lignin with almost no
change in glucose degradation. This can be
attributed to the formation of a protection layer by

oxalic acid.

Table 5: Comparison of lignin removed and cellulose degraded

Timel L min” 2L min-' 4L min”
Minutes % AIL % Glucose % AIL % Glucose % AIL % Glucose
Removed | degraded Removed | degraded removed degraded
30 69 26.93 71 48 75 48.7
60 77 26.54 85 54 88 54.82

©  AIL: Acid insoluble lignin

For a system where ozone was supplied at a flow
rate of 2L/min, the amount of lignin removed was 71
% and the amount of cellulose degraded was 48 %.
Increase in reaction time made the lignin removed
to 85 % with an associated increase in glucose
degradation by 54%. This increase in glucose
degradation could be due to the convective action
caused by the supply of ozone which increases the
diffusion power of ozone and breaks the protective

layers of oxalic acid.

Further increase in ozone supply to 4L./min, did not
make any change in situation may be because the
available sites for the reaction were almost
consumed. Similarresults are shown by Rosen et al
(2019) that vigorous ozonation and complete lignin
removal should not be an aim of ozonation, rather
making the process economical [83]. The present
study also recommends an optimum lignin removal
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with low inlet ozone flow rates.
4. Conclusions:

Ozone reacts with all the components present in the
wheat straw matrix. The reactivity of ozone is
dependent on its accessibility to the reaction sites
available. During ozonation reactions, initially all
the reactions sites are available to ozone to react,
hence delignification and degradation of lignin
proceeded. As the reaction proceeded reaction
products started forming then ozone was also
consumed in the reactions with secondary
reactions. Reactions of ozone were hindered by the
formation of oxalic acid during delignification
reactions and during degradation of cellulose.

Lignin and cellulose are not uniformly distributed
in wheat straw matrix. It can be assumed that it is
true for all lignocellulosic materials. Presence of
lignin protect cellulose from degradation and vice
versa.

Kinetics of delignification and degradation of
cellulose studies simultaneously, followed pseudo
second order reaction for lignin and cellulose. The
removal of lignin should be optimized with a control
on the experimental conditions to avoid damage of
cellulose contents.
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