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OXIDATIVE-ORGANOSOLVENT DELEGIFICATION OF WHEAT STRAW

Urgency of the research. Expansion of the raw material base of the pulp and paper industry of Ukraine takes place
through the use of alternative types of vegetable raw materials, namely wheat straw, and the improvement of environmentally
friendly oxidative-organosolvent technology for the production of straw pulp.

Target setting. Methods for the delignification of vegetable raw materials using the oxidant — hydrogen peroxide — are
currently available. The disadvantage of these methods is the high consumption of the oxidant, which constitutes 90 % by
weight of absolutely dry raw material that significantly increases the cost of technical cellulose. Therefore, it is necessary to
improve the technological parameters of the delignification process of wheat straw with hydrogen peroxide in acetic acid.

Actual scientific researches and issues analysis. Recent open-access publications have been reviewed, including litera-
ture on oxidative-organosolvent delignification methods of plant material using peroxoacids.

Uninvestigated parts of general matters defining. Investigation of technological parameters of oxidative-organosolvent
delignification for the reduction of oxidant consumption and determination of optimal values of temperature and duration of
the delignification process of wheat straw with the mixture of hydrogen peroxide in acetic acid.

The research objective. Investigation of straw pulp production method in order to reduce the consumption of cooking
reagents while increasing the physical- mechanical properties and yield of the target product.

The statement of basic materials. A method of obtaining straw pulp from wheat straw shreddings in acetic acid media
with the hydrogen peroxide consumption 50 % by weight of absolutely dry raw material was investigated. The content of the
main components in the raw vegetable material was determined. The effect of the delignification conditions, namely the tem-
perature and cooking duration, on the yield of the fibrous semi-finished product, the content of residual lignin and the con-
tent of cellulose was studied. It was shown that the increase of temperature from 70 °C to 90 °C and duration of vegetable
raw materials processing from 60 to 180 min lead to the decrease in yield by 28 %, the content of residual lignin by 6.5 %,
while the cellulose content in the fibrous semi-finished product increased by 21 %. Calculated regression equations ade-
quately described the experimental data and could be used as a mathematical model of the delignification process of wheat
straw by hydrogen peroxide in acetic acid media. Optimal values of technological parameters of the wheat straw cooking
process were determined using the method of multicriterion optimization of the delignification conditions.

Conclusions. Calculated regression equations adequately described the production process of straw cellulose by hydro-
gen peroxide delignification in acetic acid. Established optimal technological parameters provided obtaining a final product
with high quality indicators (vield 78.2%, residual lignin content 3.6%, cellulose content 65.4%, breaking length — 6200 m,
punching resistance 210 kPa, tearing resistance — 425 mN, folding endurance 625 n.d.b.).

Keywords: wheat straw, hydrogen peroxide; acetic acid, delignification, yield, residual lignin content; cellulose, re-
gression equation.

Table: 1. Fig.: 4. References: 10.

Urgency of the research. Scientists are developing new environmentally friendly tech-
nologies that are based on the use of non-toxic delignifying reagents [1]. In particular, the
processes of oxidative-organosolvent delignification of vegetable raw materials with hydro-
gen peroxide in the organic acids media are intensively investigated [2]. Such cooking is
characterized by a greater selective effect on lignin, which makes it possible to increase the
cellulose yield by preserving the polysaccharides (cellulose and hemicelluloses) of vegetable
raw materials, by the possibility of using simple schemes of chemicals regeneration with
smaller negative environmental impact [2].

Target setting. Today, highly selective methods of delignification, such as cooking of
vegetable raw materials with peroxoformic (PFA) and peroxoacetic (PAA) acids, have been
widely used [3]. It should be noted that the delignification by superacids generated during the
cooking process does not lead to the destruction of the high-molecular component of a vege-
table material. The disadvantage of such methods of obtaining fibrous semi-finished products
is the significant consumption of oxidizer (H202) up to 90 % by weight of absolutely dry (abs.
dry) raw materials. This factor of the process greatly increases the cost of technical pulp.
Therefore, there is a need to improve the technology of the delignification process of vegeta-
ble raw materials with hydrogen peroxide in acetic acid media.

Actual scientific researches and issues analysis. Recent years scientists have conducted
a large amount of research on oxidative-organosolvent cooking of vegetable raw materials,
primarily agricultural waste [4-6]. Delignification of raw materials was carried out at different
consumption of the oxidant (H20O;) from 5 to 60 % in an organic solvent at pH =2-4 [7]. At
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the beginning of the process of cooking by peroxoacids, a heterolytic reaction of protonation
of an oxygen atom of a hydroxyl group into an a-ether group occurs with the participation of
a solvent. The use of oxidant at 50 % by weight of abs. dry raw materials makes possible to
run the delignification of vegetable raw materials at temperatures of 90-100 °C [7]. In addi-
tion, it should be noted that the technology of oxidative-organosolvent cooking involves the
integrated processing of vegetable raw materials and the utilization of waste alkali liquor.

Uninvestigated parts of general matters defining. The absence of defined optimal pa-
rameters (temperature and cooking duration) of the wheat straw delignification process with
hydrogen peroxide in acetic acid media requires further studies to obtain straw pulp with high
quality indicators with minimal energy and chemical expenses.

The research objective. The purpose of this work is to study the process of oxidative-
organosolvent delignification of wheat straw and to define the optimal values of its carrying out.

To achieve this goal, the following tasks were set:

— to determine the chemical composition of wheat straw shreddings;

— to investigate the impact of main factors of the delignification process on the properties
of the final product;

— to make mathematical processing of the experimental data and to optimize the parame-
ters of the straw pulp production basised of the obtained regression equations.

The experimental part

Wheat straw stalk (Triticum vulgare), harvested after the growing season and air-dried af-
terwards, were used for straw pulp research. Wheat straw was sorted from leaves and ears,
crushed to a size of 15-20 mm and stored in a desiccator to maintain constant humidity and
chemical composition. The chemical composition of wheat straw stems was performed accord-
ing to TAPPI standard techniques [8]. Oxidative cooking of wheat straw was carried out with a
cooking solution containing glacial acetic acid and water at a ratio of CH;COOH : H.O —
75:25 % by volume with the addition of hydrogen peroxide 50 % by weight of abs. dry raw ma-
terial, at concentrations of H>O> — 50 %. The delignification process was carried out at a tem-
perature from 70 to 90+2 °C, cooking duration from 60 to 180 minutes, the water duty 10:1.

To save the cooking solution, the delignification process was carried out in heat-resistant
flasks connected to backflow condenser. After processing, the fibrous semi-finished product
was separated from the solution, rinsed with running water to neutral pH of the wash water,
dehydrated and dried to a moisture content 6-8%. The yield of the product was determined
gravimetrically. The quality indicators of the obtained cellulose — yield and residual lignin
content were determined according to standard methods [8]. Physical-mechanical characteris-
tics: breaking length, punching resistance, tearing resistance, folding endurance were deter-
mined according to 'OCT 14363.4-89 [9].

The statement of basic materials. First of all, the chemical composition of the feedstock
was determined. As a result of the research, the following chemical composition of wheat
straw was obtained: content of cellulose — 50.1 %; lignin — 21.6 %; resins, fats and waxes
(RFW) — 2.2 %; pentosans — 26.7 %; water solubility — 10.1 %; solubility in 1 % NaOH solu-
tion — 28,5 %; ash — 6.6 %. The obtained results indicated that the chemical composition of
wheat straw stems is close to that of the hardwood, except content of minerals, which consists
mainly from silicon oxide SiO.. The ash content of wheat straw is several times higher than
that of timber due to cereal growing conditions.

In order to obtain straw pulp, a series of laboratory cookings were conducted and the re-
sults are shown in Fig. 1.
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Fig. 1. Straw pulp quality indicators:

a — cellulose yield; b — residual lignin content; c — cellulose content
—¢——70°C,—m——80°C,— A ——90°C)

As can be seen from the graphical dependencies at Fig. 1 (a), straw pulp yield of decreases
with the increase of temperature and duration of cooking. This is due to the intensification of
the process of lignin destruction because of the acidic decomposition of a-ether bonds of lig-
nin with the formation of intermediate benzyl carbocations (Fig. 2). This explains the easier
delignification of non-wood plant material, in which the proportion of non-cyclic a-aryl ether
structures, which are responsible for lignin destruction, is almost as much as twice higher,
than that of coniferous lignins. The organic solvent, as a weak nucleophile, blocks the active
centers of lignin and impedes the process of its condensation. It should be noted that peroxide
delignification of wheat straw is accompanied by partial destruction of polysaccharides,
which also leads to a decrease in the yield of technical cellulose. Arabinans content changes
the most quickly. The amount of glucans and xylans, which are the main components of the
solid residue, decreases evenly throughout the cooking process. The cellular tissue in the
straw is resistant to the components of the cooking solution.
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Fig. 2. The decomposition of a-ether bonds of lignin by organosolvent
cooking of plant raw materials in acidic media:
Nu — an external nucleophile (HOH, C-HsOH, CH;OH etc.); PhPU* — an internal nucleophile (phenylpropane
structural unit of lignin); Ph® — an external nucleophile of the phenolic type (phenol, cresols etc.)
In organosolvent cooking in acidic media, B-ether lignin bonds (primarily the $-O-4 bond
at Fig. 3) are also subject to destruction, which also leads to a decrease in the yield of straw
fibrous semi-finished products.
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Fig. 3. The mechanism of decomposition of § — O — 4 bond

Similar dependencies are observed at Fig. 1 (b), namely with regard to the residual lignin
content in straw pulp on changes of technological parameters. It should be noted that the bulk
of lignin is removed from the plant material during the first 60 minutes.

The cellulose content increases due to the transition of soluble carbohydrate part of the plant
raw materials — hemicelluloses and a considerable amount of pentosans — into cooking solution.

To obtain the mathematical dependence of the quality indicators of straw pulp on the main
technological factors, a second-order polynomial was used, which has the following form for
two independent variables:
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where y; — a quality index of straw pulp
bo, b1, by, bs, bs, bs — coefficients of mathematical model
X1 1 X2 — the values of the factors.
The following indicators of cellulose quality were determined as variable functions (yi): y1 —
yield, %; y» — content of residual lignin, %. The optimization of technological parameters was
performed by the multicriteria estimation method using the generalized Harrington function of
desirability. According to the chosen method, the values of the parameters y; and y> were con-
verted into the corresponding desires d; and d> [10].
As an outcome of mathematical processing of the results of cooking, regression equations
were calculated that adequately describe the experimental data and can be used as a mathe-
matical model of oxidative-organosolvent cooking, namely the production of cellulose with
predetermined quality parameters.
a) mathematical model for cellulose yield, %
y =-696.29 +0.005155 - X; +21.189 - X5 +0.00093917 - X;? —0.0041333 - X;* X5 —
0.1391 - X»?

b) mathematical model for residual lignin content, %

y = +92.62 — 0.57747 - X; — 0.761 - Xo + 0.00062697 - X;* + 0.0045333 - X; - Xo —
0.0015 - X»?

c¢) mathematical model for cellulose content, %

y =+49.826 —0.033267 - Xi — 0.846-X> + 0.00032806 - X;? +0.0024833 - X, - X, —
0.0098 - X»*.

In the process of mathematical modeling on the basis of the obtained regression equations
the technological parameters of the cooking process were determined and the values of the
pulp quality indicators in the form of the optimal point were obtained: Xi; =90 °C,
X2 =180 min.

Using the obtained mathematical dependences, the quality indicators of straw pulp were
calculated according to the determined technological parameters and compared with the ob-
tained experimental data. The results are shown in Table 1.

Table 1
Quality indicators of straw pulp obtained by cooking of wheat straw
with hydrogen peroxide in acetic acid media

Quality indicators Theoretical data Practical data
Cellulose yield, % 51,6 50,5
Residual lignin content, % 1,4 1,3
Cellulose content, % 71,2 72,7

Physical-mechanical parameters of straw technical pulp obtained under optimal conditions
of the delignification process were determined in accordance with the accepted methods [9]:
breaking length, m — 6200, punching resistance, kPa — 210, tearing resistance, mN — 425,
folding endurance, n.d.b. — 625. In terms of strength, obtained cellulose is not inferior to sul-
fite bleached coniferous pulp of quality class C-II according to GOCT 3914-89.

The samples of wheat straw and straw cellulose were investigated by scanning electron
microscopy (Fig. 4).
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Fig. 4. Photographs of SEM samples of wheat straw (a) and straw cellulose (b) obtained
by cooking with hydrogen peroxide in acetic acid at 90 °C during 180 min

As can be seen from the SEM images, cooking of wheat straw with hydrogen peroxide in
acetic acid media leads to a significant change in the length of the fibers.

Conclusions. The possibility of delignification of wheat straw shreddings with hydrogen pe-
roxide at its consumption 50 % by weight of abs. dry raw material in acetic acid media is shown.

The effect of temperature and duration of cooking on the quality of straw pulp was inves-
tigated. An increase of these parameters was found to reduce the yield of straw pulp and re-
sidual lignin content by 39 and 16.3 %, respectively.

Calculated regression equations adequately described the experimental data and could be
used as a mathematical model for the oxidative-organosolvent cooking of wheat straw. The
optimal technological parameters of the delignification process — temperature 90 °C, cooking
time 180 min, and straw pulp quality indicators at the optimum point were determined by the
multicriteria optimization method.
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VIIK 676.6.614
Tpembyc Ipuna, Cemenenxo Hina
OKHNCHO-OPTAHOCOJIbBEHTHA JIEJITHI®IKAIIS MINEHXYHOI COJIOMHA

Axkmyanvhicms memu 00caioycenns. Poswupenns cuposurnoi 6asu yenonosHo — naneposoi eanysi Ykpainu 3a paxy-
HOK 6UKOPUCIAHHS AIbMEPHAMUSHUX 8UOI8 POCTUHHOI CUPOBUHU, O Came NULEHUYHOT CONOMU MA 800CKOHATLEHHS €KOLOIYHO
6e3neuHol OKUCHO — OP2aHOCONbEEHMHOL MEXHONLOZIL 00EPAHCAHHS CONOM SHOT YeoN03U.

ITocmanoexa npoonemu. Huni nHaseni memoou Oenicnighikayii pociuHHOL CUPOBUHU 3 BUKOPUCHIAHHAM OKUCHUKA — Ne-
pokcudy 800HI0. Hedonikom makux cnocobis € eucoki eumpamu oxkucHuka, a came 90 % 6i0 macu abconommo cyxoi cuposu-
HU, Wo 3HaA4HO 30inbuLye cobisapmicmes mexuiuHoi yemonosu. Tomy HeoOXiOHO 800CKOHANUMU MEXHONO2IUHI Napamempu
npoyecy OenieHiikayii nueHuyHol conoMU REPOKCUOOM BOOHIO 8 CEPEO0BUYL OYMOBOT KUCTIOMIL.

Ananiz ocmannix 0ocnioxncensv. bynu pozensnymi ocmanmi nyonikayii wo € y iOKpumomy 00Cmyni, 6KIOHAOYY ime-
pamypy wo0o OKUCHO—OP2AHOCOIbEEHIMHUX CNOCODI8 OelieHipiayii pOCIUHHOL CUPOBUHU 3 BUKOPUCTAHHAM NEPOKCOKUCIOM.

Buoinenns neoocnioxncenux wacmun 3a2anbHoi npoonemu. [JocnioxceHHs MexHONOSIUHUX NAPAMempi8 OKUCHO— Opea-
HOCONLBEHMHOL OenieHIpiKayil - 3MEeHUeHHs. eumpam OKUCHUKA MA GUSHAYEHHS ONMUMMILHUX 3HAYCHbL MeMnepamypu i
mpusanocmi npoyecy OelieHipikayii NUEeHUYHOT CONOMU NEPOKCUIOM B0OHIO 8 CEPEeOOSUU] OYMOBOL KUCIOMIL.

ITocmanoeka 3ae0anns. JJocniodxceHHs cnocoOy 00epHCAHHs CONOM SHOT YEeTtoNo3u 3 Memor 3HUNCEHH GUMPAM 6a-
PUTBHUX PEazenmis 3a O0HOUACHO20 30LIbULEHHSL (DIZUKO—MEXAHIYHUX NOKAZHUKIG | 6UXO0Y YIIb0BO2O NPOOYKMY.

Buxnao ocnoenozo mamepiany. JJocniodnceHo cnocib 00epiHCanHs conom SHOL Yentonosu i3 ciuku NUeHUYHoT conomu 6
cepedosuyi oYymoBol KUciomu 3a eumpam nepokcudy 6000 50 % 6io macu abconommno cyxoi cuposuru. Busnauerno emicm
OCHOBHUX KOMNOHEHMIG Y GUXIOHIU pOCIunHIll cuposuni. Busueno eniue ymoe Oenicnighixayii, a came memnepamypu ma
mpueanocmi 6apiHHA HA BUXIO BOJOKHUCMO20 HANIGHAOPUKAMY, 6MICI 8 HbOMY 3AIUUKOBO20 J2HIHY MA 6MICT Yelt0N03U.
Tokasano, wo 3pocmarnna memnepamypu 6i0 70 °C 0o 90 °C i mpusanocmi 06pobku pociuntoi cuposuru 6io 60 0o 180 xs.
npu3600ums 00 3MeHueHHs1 8uxody Ha 28 %, emicmy 3anuuKo8020 ieHiHy Ha 6,5 %, npu yboMy 6MICI Yeroa03U )y 60N0KHU-
cmomy Hanigghabpuxami 3pocmae Ha 21 %. Po3paxoeano pieHaHHs pezpecii, siKi a0eK8amHO ONUCYIOMb eKCNePUMEHMATbHI
OaHi i MOdICymb OYmMu GUKOPUCIAHI 8 SIKOCE MaAMeMamuyHol Mooeni npoyecy OelieHighikayii nueHuyHol colomu nepoKcu-
00oM 600HI0 8 cepedosuyi oymosol kucromu. Memoodom bazamoxpumepianvHoi onmumizayii ymoe oenieHiikayii 6U3Ha¥eHo
ONMUMAIbHI 3HAYEHHSI MEXHOIO2IYHUX NAPAMempie npoyecy 8apiHH NUEHUYHOI COTOMU.

Bucnoeku 6ionoeiono 00 cmammi. Po3paxosano pieHAHHA pezpecii, o a0ek8amHo OnUCyioms Npoyec 00EPHCAHHI CO-
JIOM "STHOT Yeniono3u OeieHiiKkayielo nepoKcudom 8OOHIO 8 cepedosuyi oymosoi kuciomu. Bemanosneno onmumanohi mex-
HONORIYHI napamempu, sKi 3a0e3ne4yoms 00ePHCaAHHs KIHYe8020 NPOOYKMY 3 GUCOKUMU NOKASHUKamu sikocmi (6uxio 78,2 %,
BMICM 3AIUUK08020 NicHIHY 3,6 %, emicm yenonosu 65,4 %, pospusra 0oexcuna — 6200 m, onip npodasmosannio 210 klla,
onip po3oupartio — 425 mH, miyHicms Ha 31am nio yac 6aeamopazosux nepezerie 625 k.n.n.).

Kniouosi cnosa: nuenuyna conoma,; nepokcuod 600HIO, OYMOBA KUCIOMA,; OelieHiiKayis; euxio; 6MICM 3aNUUKOB020
JCHIHY; Yenton03a, PIGHAHHS pecpecii.

Puc.: 4. Tabn.: 1. bién.: 10.
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