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Abstract—Chemical modification of plant raw materials aimed at obtaining new valuable products and
materials is described. Methods of preliminary treatment and modification of biopolymers (cavitation,
microwave irradiation, and application of cross-linking and delignification reagents) making it possible to
reduce decomposition of all major components are considered. Modified products can be used as sorbents of
heavy metal salts, additives to drilling fluids in drilling of oil and gas wells, in the construction industry etc.
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INTRODUCTION

Wood, wood-processing waste, and non-food bio-
mass of annual crops (cereal straw etc.) are valuable
raw materials for obtainment of many products for
industrial use.

Traditional processing of wood and wood waste is
aimed at extraction of cellulose from these materials.
In this process other structural components of plant
raw materials, i.e. lignin and hemicelluloses, are
subject to degradation; therefore, a possibility of their
practical application is eliminated.

In recent years there has been an increase of interest
to complex chemical modification of plant raw
materials resulting in obtainment of a wide range of
valuable products and materials. In order to improve
the performance properties of wood modifications of
its surface are performed. Another way to modify plant
raw materials is to transform them into polymer
compounds with prescribed properties using chemical
methods without preliminary separation of the
materials into structure-forming components (lignin,
cellulose, and hemicelluloses). This method ensures a
more efficient use of plant raw materials as compared
to traditional chemical processing. Scientific interest to
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the problem of complex modification of raw materials
has not ceased for more than 50 years; however, it is
only now that some processes become technologically
implementable and commercially attractive.

Chemical modification of plant raw materials
involves treatment of the materials with chemical
reagents interacting with reactive functional groups of
the biomass major components and forming new
covalent bonds. Usually reactions at hydroxyl groups
of the structural components of plant raw materials are
carried out [1-4]. The most well-studied processes are
acylation reactions aimed at obtaining esters [1-3] and
reactions resulting in the formation of ethers (first of
all, carboxymethylation reaction) [4].

Methods of Wood Carboxymethylation

First of all, it should be noted that the process of
carboxymethylation of cellulose is sufficiently well-
studied [5-7].

For the last 20 years specialists of the Organic
Chemistry Department, Altai State University, have
carried out active research on carboxymethylation of
plant raw materials without separating them into
structural components. Methods of suspension (in a
medium of organic solvents) [8—10] and solid-phase



948 BAZARNOVA et al.

(without solvents) carboxymethylation of wood and
annual crops biomass without preliminary separation
of biomass into individual components were developed
[11-14]. Investigations based on chemical and
physicochemical research methods demonstrated that
all the major structural components of plant raw mate-
rials (cellulose, lignin, and hemicelluloses) are subject
to carboxymethylation at accessible OH-groups.

Carboxymethylated derivatives of the components
of wood raw materials were tested as reagents for
preparation of drilling fluids used in drilling of oil and
gas wells [15, 16]. Low viscosity of aqueous and
aqueous-alkaline solutions is common for all obtained
products. In order to increase the performance
properties of carboxymethylated products and to
expand the range of their application new methods for
carboxymethylation of plant raw materials were
developed. These techniques make it possible not only
to achieve a high content of carboxymethyl groups but
also to preserve all high-molecular components of
wood in the least degraded form, thus ensuring in-
creased viscosity of solutions of the obtained products.

The limiting stage in carboxymethylation of plant
raw materials is diffusion of the reagent to the reaction
centers of biomass. In order to increase accessibility of
the reaction groups preliminary treatment of plant raw
materials is performed. However, in such a case there
is a possibility of major decomposition of both the
intercomponent bonds and the biomass components
themselves [10, 17, 18]. Therefore, researchers face
quite a difficult task, on the one hand, to perform such
preliminary treatment of plant raw materials that will
ensure maximum accessibility of the reaction func-
tional groups of biomass for the chemical reagent and,
on the other hand, to minimize the degradation processes.

Carboxymethylation of Wood Preliminary Treated
with CH3COOH—HQOZ—HQSO4—HQO Mixture

One of the possible ways to reduce degradation of
high-molecular components of plant raw materials is
preliminary treatment of these materials with a mixture
of CH3COOH*H202*H20*H2804.

Specialists of the Siberian State Technological
University and the Institute of Chemistry and Chemical
Technology, Siberian Branch, Russian Academy of
Sciences, developed a number of methods to obtain
fibrous cellulosic materials from sawdust and wood
shavings of aspen, birch, fir, and larch. The selection
of conditions for catalytic delignification of samples of

the above-listed wood species ensures sufficiently high
yield (44-48 wt %) of fibrous products with a low
content of residual lignin. Chemically pure and mini-
mally degraded cellulose is obtained under the follow-
ing delignification conditions: initial concentration of
H,0, in the solution of 4.2-6.4 (wt %), concentration
of acetic acid of 21.8-28%, hydromodule (ratio of the
liquid phase volume to the solid phase weight, ml g ')
of 1015, concentration of H,SOy, (catalyst) of 2 (wt %),
process duration of 2-3 h, and temperature of 120—
130°C [19].

In order to facilitate the course of diffusion pro-
cesses and reduce degradation during carboxymethyla-
tion it was proposed to perform carboxymethylation of
plant raw materials after their preliminary treatment
with a mixture of CH3COOH—H202—H2804—H20 of
the optimized composition: concentration of acetic
acid of 24.5%, concentration of hydrogen peroxide of
6.4%, and concentration of sulfuric acid of 2% at 100°C
[20, 21]. At the same time, there was no task to extract
cellulose and completely remove lignin. The objective
of such treatment was the decomposition of lignin-
carbohydrate bonds and partial oxidation of lignin,
which made it possible to carry out the subsequent
chemical modification more efficiently due to greater
accessibility of OH-groups of the major structural
components of plant raw materials. The subsequent
process of carboxymethylation was per-formed using
the traditional suspension method in 2-propanol
medium in the following two stages: alkaline treatment
and interaction with sodium monochloro-acetate. The
yield of solid carboxymethylated product and its
properties depend on the value of hydromodule, the
duration of the reaction, and the temperature of the
process (Figs. 1, 2). Maximum values, including the
yield of carboxymethylation products, the content of
carboxymethyl groups, and water solubility, are
achieved at the value of hydromodule equal to five.
Further increases in hydromodule have no significant
impact on the product quality.

The degree of polymerization of wood carboxy-
methylation products is decreased with increasing
duration and growing temperature of the reaction. This
fact indicates that more high-viscosity products are
obtained from preliminary treated samples.

It should be noted that with regard to carboxy-
methylated wood the generally accepted concept of
polymerization degree makes no sense as carboxy-
methylated wood is a polymer compound, which con-
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Fig. 1. Dependence of yield and properties of aspen wood carboxymethylation product preliminary treated with CH;COOH-H,0,—
H,S0,~H,0 mixture on hydromodule. (e) Yield of product, (m) content of carboxymethyl groups, and (A) solubility of carboxy-
methylated wood (CMW). (*) CMW sample without preliminary treatment.

tains carboxymethylated lignin and hemicelluloses
alongside with carboxymethylated cellulose. A term
“conventional degree of polymerization” was intro-
duced in order to make comparisons with values of the
polymerization degree of carboxymethylated cellulose
standard samples. The conventional degree of poly-
merization is determined based on the assumption that
the entire obtained product, soluble in cadoxene (tri-
ethylene—diamine cadmium hydroxide), is represented
by carboxymethyl cellulose. (Products of wood carboxy-
methylation are 98—100% soluble in cadoxene solution.)
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On condition that the maximum yield of carboxy-
methylation products (hydromodule of 5), the optimal
temperature (60°C), and duration of the process
(60 min) are achieved, solutions of the obtained
products have high viscosity characteristics and,
correspond-dingly, high polymerization degree values.
It should be noted that preliminary treatment of the
material with CH;COOH-H,0,-H,SO,~H,0 system
almost under any conditions of the subsequent carboxy-
methylation results in a significant increase in the
degree of polymerization (1500-2100) as compared to
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Fig. 2. Dependence of properties of aspen wood carboxymethyl derivatives after preliminary treatment of wood with CH;COOH-
H,0,-H,S0,~H,0 mixture on (a) carboxymethylation duration and (b) Temperature. (®) Content of carboxymethyl froups, %, (0)
degree of polymerization, (A) solubility, %. Preliminary treatment: duration of 60 min, temperature of 100°C, and hydromodule of
5; alkaline treatment: duration of 2 h and temperature of 60°C; carboxymethylation: temperature of 60°C. (*) Sample without

preliminary treatment.
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samples of carboxymethylated wood obtained without
such treatment (830).

It is evident that preliminary treatment of plant raw
materials with CH;COOH-H,0,-H,SO,~H,0 mixture
results in partial decomposition of lignin-carbohydrate
bonds, oxidation of lignin, degradation of hemi-
celluloses, and removal of these easily soluble pro-
ducts from the system. The residue subject to carboxy-
methylation is a cellulose-rich substrate. Moreover, as
demonstrated by the values of the polymerization
degree of carboxymethyl cellulose extracted from the
obtained products, preliminary treatment of the
material with the delignifying mixture does not cause
major decomposition of cellulose.

As for homogeneity of the carboxymethylated
wood composition, this parameter also greatly depends
on the value of hydromodule and the duration of
preliminary treatment of the source wood with the
delignifying mixture preceding carboxymethylation.
The most homogeneous carboxymethylated wood in
terms of molecular-weight distribution is obtained at
hydromodule equal to five. The duration of
delignification, the temperature, and the duration of
carboxymethylation have almost no impact on the
molecular-weight distribution of carboxymethylated
products [22].

In order to investigate the molecular-topological
structure of carboxymethylated wood and carboxy-
methylated cellulose extracted from such wood the
solution-free method of thermomechanical spec-
troscopy developed by the Institute of Problems of
Chemical Physics, Russian Academy of Sciences
(town of Chernogolovka, Moscow oblast) was applied
[23-25]. The characteristic property of this method is
work with solid samples, while traditionally solution-
based methods are used to study the molecular-weight
distribution of cellulose esters.

Therefore, preliminary treatment of wood with
CH3COOH*H202*H2$O4*HQO mixture with the
subsequent carboxymethylation results in the
formation of highly-substituted polymer compounds of
methyl ethers of cellulose, lignin, and hemicelluloses,
forming more viscous solutions than in case of
carboxymethylation without preliminary treatment.
Preliminary treatment of wood makes it possible to
reduce the duration of the subsequent carboxy-
methylation to 15 min and to lower the process tem-
perature to 25°C.

Treatment of Wood with Formaldehyde

It is known that treatment of cellulose with formal-
dehyde results in the formation of high-molecular
compounds with a three-dimensional network struc-
ture. Moreover, such treatment can also be performed
in order to obtain cellulose ethers, including methyl
ethers [26, 27].

Treatment of wood with formaldehyde using both
individual compounds and different formaldehyde-
containing resins is widely used on an industrial scale,
in particular, in chipboard production. Methods of the
wood surface modification using formaldehyde are
also well-known.

Treatment of wood with formaldehyde solution
serves two tasks. Firstly, molecules of formaldehyde
penetrate between the fibers, destroy their supra-
molecular structure, and, correspondingly, increase
accessibility of the reaction centers of biomass.
Secondly, formaldehyde can enter into chemical
reactions with hydroxyl groups of the structural
components of wood, forming hemiacetals and acetals.
Interaction of formaldehyde with two hydroxyl groups
of the neighboring macromolecules results in an
increase in the biopolymer molecular weight due to
formation of cross-links and bridges between the
components [2, 28].

Patent [29] describes a method of carboxy-
methylation of lignin-carbohydrate materials, which
uses cereal straw (oat, rye, and wheat straw) as a
feedstock for the process. The method involves treat-
ment of raw materials with formaldehyde in the
presence of an alkaline catalyst. The content of car-
boxyl groups is increased 2.2-fold on average. The
cross-linking results in a significant increase in resis-
tance of the samples to aqueous and non-aqueous media.

The influence of the conditions of wood treatment
with formaldehyde solution on properties of wood
carboxymethylation products was studied [21]. Pine
and aspen wood was subject to carboxymethylation
with sodium monochloroacetate in an alkaline medium
both with preliminary treatment of raw materials with
formaldehyde in an acidic medium and with the
subsequent treatment of carboxymethylation products
with formaldehyde under different conditions.

Preliminary treatment of wood with formaldehyde,
contributing to increased reactivity of hydroxyl groups
of the wood major components, ensures the content of
carboxymethyl groups in wood carboxymethylation
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products within a range of 20-28%, while without
wood treatment with formaldehyde the content of
carboxymethyl groups amounts to 10.2% only.
Solution viscosity of products obtained using pre-
liminary treatment is also increased [30, 31].

In case wood is treated with formaldehyde in an
acidic medium, the effect of the carboxymethylation
reagent is mainly directed at cellulose, and in an
alkaline medium, at the aromatic rings of lignin [32, 33].

The most optimal wood carboxymethylation pro-
ducts with regard to the complex of their properties are
achieved when wood is preliminary treated with
formaldehyde solution in acidic or alkaline media at a
molar ratio for formaldehyde to OH-group of 1:1.

The effect of formaldehyde on wood in an acidic
medium causes more intensive degradation of the
wood components. Thus, the polymerization degree of
carboxymethyl cellulose extracted from carboxy-
methylated wood is much lower (380) than in case of
carboxymethylation without preliminary treatment of
raw materials with formaldehyde (800). The content of
carboxymethyl groups is comparable. In case of
preliminary treatment of wood with formaldehyde in
an alkaline medium, the situation is different, i.e. the
polymerization degree of carboxymethyl cellulose is
much higher (1170-2700).

Thus, preliminary treatment of wood with aqueous
solutions of formaldehyde in an alkaline medium
contributes to the obtainment of high-molecular
compounds with a high content of carboxymethyl
groups and, correspondingly, low solubility in the
course of the subsequent carboxymethylation [21].

The product of wood carboxymethylation with
preliminary treatment of wood with formaldehyde can
be used as a sorbent of heavy metals [21, 34], in
particular, for decontamination of wastewater from
compounds of iron(III). Such a product can absorb
6 times as much iron(IIl) as carboxymethylated wood
obtained without preliminary treatment.

Carboxymethylation of Wood
Using Microwave Irradiation

A possibility to use microwave irradiation for
modification of wood is not sufficiently studied yet.
On an industrial scale it is proposed to perform
vacuum drying of wood using microwave irradiation
[35-37]. There is a number of works dedicated to
acylation of wood biomass [38—40] and carboxy-
methylation of cellulose [41-43] under conditions of

microwave irradiation; however, these works are few
in number.

The use of microwave irradiation for obtainment of
carboxymethylated products on the basis of plant raw
material is undoubtedly a matter of practical interest
[44, 45]. Under such conditions optimization of the
process can be achieved, i.e. the reaction duration can
be significantly reduced. Moreover, it is possible to
obtain more homogeneous products due to uniform
heating of wood, which ensures uniform distribution of
carboxymethyl groups in the wood stock.

During the corresponding experiments alkaline
treatment of wood raw materials and the subsequent
reaction of wood carboxymethylation were carried out
under the influence of microwave irradiation with the
frequency of 2450 MHz and the capacity ranging from
210 to 800 W. The achieved results demonstrated that
microwave irradiation of raw materials significantly
reduced the duration of both the first stage of alkaline
treatment and the following stage of carboxy-
methylation. The total period of microwave irradiation
does not exceed 2 min (duration of the process based
on thermal heating within the framework of the
traditional suspension method amounting to 1-4 h).
The content of carboxymethyl groups in the product is
10-27%, which is comparable to the content of these
groups in case the traditional method of carboxy-
methylation is applied. An increase in the quantity of
the reagent (sodium monochloroacetate) results in an
increase in the content of carboxymethyl groups in the
wood components, although the maximum possible
content cannot be achieved. It is evident that not all
OH-groups are accessible for the reagent and the
reaction rate is limited with diffusion of the reagent to
the reaction centers of biomass. Water solubility of
carboxymethylated derivatives of wood is twice lower
as compared to products obtained using thermal
heating. It is evident that under the influence of
microwave irradiation the processes of degradation of
the wood high-molecular components are less active.

Cavitation Pretreatment of Wood

More and more attention is given to studies of the
effect of cavitation on plant raw materials [46—50]. It is
determined that in the course of cavitation treatment of
pine, fir, and aspen wood sawdust, as well as of annual
crops waste (wheat, buckwheat, and rye straw) in
acidic, alkaline, and neutral media for 15-120 min at
20-100°C at hydromodule of 10 the greatest impact is
made on the vegetative part of annual crops, followed
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by soft wood, while hard wood is less affected by the
treatment.

Cavitation treatment makes an influence on the
major components of wood. At the initial stage (15—
30 min) polysaccharides are decomposed, while a longer
impact time (more than 60 min) results in degradation
of lignin and cellulose. The greatest influence of
cavitation processes is observed in alkaline media [46].

The content of cellulose extracted from aspen wood
after cavitation treatment is 4.4% lower (reduced from
41.4 to 37.0%), as its easily hydrolysable amorphous
part passes into solution. The average degree of
polymerization of cellulose under the influence of
cavitation is decreased 1.8-fold (from 580 to 320),
which is related to the hydrolytic processes.

The content of easily hydrolysable polysaccharides
in the samples is gradually decreased after cavitation
treatment by 3.5%, while after 30 min of treatment it
remains almost the same. The content of hardly
hydrolysable polysaccharides in the samples is
drastically reduced already after 10 min of treatment,
later remaining almost unchanged (8.0%), which is
probably related to the almost completed process of
hydrolysis. Depending on the duration of cavitation
treatment, the quantity of lignin in the samples changes
non-monotonically and in general increases by 3.6%.

Investigations of the process of cavitation treatment
of aspen wood demonstrated that the content of
carboxyl groups in the extracted dioxane lignin
increased by a factor of 3.4 [51]. It was suggested that
[52] during cavitation in an aqueous medium hydrogen
peroxide was formed; in the presence of iron (material
of the tank, in which cavitation treatment was
performed) hydrogen peroxide decomposed generating
active particles — hydroxide and peroxide radicals. As
a result the network structure of lignin decomposed
with the formation of carboxyl groups.

Cavitation treatment of wood raw materials results
in the decomposition of the lignin-carbohydrate matrix
and obtainment of products suitable for briquetting and
molding. In the first place, the most accessible reaction
sites, hemicelluloses (easily hydrolysable component
of wood), are subject to degradation; lignin-
carbohydrate bonds are also decomposed, which
results in an increase in functional groups.

It should be noted that the problem of obtaining
plate materials on the basis of plant raw materials
without using synthetic binders has been attracting

researchers’ attention for a long time. Plate materials
with the average density of 1190-1350 kg m and the
moisture content of 3-9% were obtained. With regard
to their strength (bending strength of 13—22 MPa) and
hydrophobic properties (water absorption of 20-40%
in 24 h and swelling in thickness of 12-35% in 24 h)
plate materials are in full compliance with the
requirements of EN-312 and EN-622 European stan-
dards. The resulting products are non-toxic and easy to
process [53, 54].

A possible mechanism for structure formation of
molding materials produced from plant raw materials
using cavitation treatment [55] and a method to obtain
plate materials using cavitation pretreatment [56] were
proposed.

Cavitation treatment of plant raw materials can be
used as an efficient method of activation preceding
chemical modification. This method contributes to an
increase in reactivity of the wood components.
Moreover, it is economically effective, environ-
mentally sound, and relatively easy in technological
implementation.

CONCLUSIONS

The presented methods to activate reactivity of the
components of plant raw materials ensure increased
efficiency of their utilization. These methods make it
possible to intensify the process of obtainment of
lignin-carbohydrate compounds, to control the composi-
tion of the target product and, correspondingly, its
properties, and to increase the target product yield.

The resulting products can be used as sorbents of
heavy metal salts, additives to drilling fluids in drilling
of oil and gas wells, in the construction industry etc.
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