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Abstract

The study addresses the problem of using recycled materials for the production of a wide range of diverse
products; in this context, the paper investigates the extraction of amorphous silicon (IV) dioxide from rice waste,
i.e. rice husk, which differs in its chemical composition from all other cereal crops by a high content of silicon
dioxide. Amorphous silicon (IV) oxide is widely used in electronics, medicine, food industry, cosmetology,
paintwork materials manufacturing, and other industries. Amorphous silicon(IV) oxide has to meet various
requirements, the main ones being amorphous structure, degree of purification, and particle size. A
derivatographic method of analysis is used to study the non-isothermal Kkinetics of rice husk residue thermal
decomposition. According to the results of derivatographic, chemical, and phase analyzes, a method for
amorphous silicon (IV) oxide extraction by thermal decomposition of rice husk after the lignin removal has been
proposed. The values of relative activation energies and the pre-exponential factors of the reactions have been
calculated. A mathematical model characterized by a system consisting of three first order differential equations
and four algebraic equations has been designed. Through the use of the proposed model, the time response
characteristics of the process have been studied.
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AOCTIIXKEHHA KIHETUKHW TEPMIYHOTI'O PO3K/IAZJAHHA PUCOBOTI'O
JIYHIIIMHHA NIC/IA BUAAJTEHHA JIITHIHY

TeTsHa B. 'punHeBa, 0piii €. Ckuap, [1aBsio B. Ps6ik, AHHa O. JIsawenko, OkcaHa B. JlemuuniimnHa
ABH3 «YkpaiHcbKull XiMiko-mexHo102i4HUTl yHIBepcumem»

AHoTanis

Y paMkax BUpilleHHA NPoG6JieMHM BUKOPHCTaHHA BTOPMHHOI CHPOBHMHM JJI1 BUPOGHMITBA IIMPOKOro CHEKTPY
pi3HOMaHITHUX NPOAYKTIB, PO3rJasaAaEeTbcs BHJiIIeHHA amopdHoro cwiainiit (IV) okcuay 3 BiaxoniB pucosoro
BMPOGHMITBA - PUCOBOrO JIYLUNUHHA, Ke BiAPI3HAETBHCA 3a CBOIM XiMiYHMM CK/JIaJ0M Bij, ycCiX iHIIUX 3/1aKOBUX
KyJIbTYP BeJIMKUM BMicTOM Jiokcuay KpeMmHiw. AmMopduuid cuwriniii (IV) okcuj Mae mUPOKUil CHEKTp
3aCTOCYBaHHA B eJIEKTPOHIiLli, MeJULIUHi, XapyOoBiil NPOMHUCIOBOCTI, KOCMeTOJI0rii, NP1 BUPOGHUITBI J1akiB i ¢apo,
A TaKOXK B iHIIMX rajay3fx NPOMHUCI0BOCTI. /1o aMmopdHOro AioKcUAY KpeMHilo Ipej ABAAITbCA Pi3Hi BUMoOry, ajie
OCHOBHMMHU € aMOp(dHaA CTPYKTypa, CTyliHb OYUIIEHHS TAa PO3Mip YaCTHHOK. /A BUBYEHHs HeizoTepmiyHOi
KiHETUKHU TepMiYHOro po3K/jaJaHHs 3a/JMIIKY PUCOBOIO JYLNUHHA 3aCTOCOBYBaIu AepuBaTorpadiyHuili MeToz,
aHajisy. 3a pesyiabTaTaMu AepuBatorpadiyHoro, ximiyHoro i ¢asoBoro aHasi3iB 3anpONOHOBAHO MeXaHi3M
npouecy BuAisieHHs amopdHoro cuiainiii (IV) okcuay Huisixom TepMiyHOro po3kJaaJaHHSA PHCOBOTO JIYIINMMHHA
nmiciA BHJaJleHHA JirHiHy. Po3paxoBaHi 3HayeHHs YMOBHUX eHepriii akTuBauii i npeaeKcrnoHeHL[ia/IbHUX
MHO>XHHKIB peakuiil. [loGysoBaHO MaTeMaTH4YHy MOJeJib, KA ONMUCYETHCA CUCTEMOIO, 0 CKIAJAETHCA 3 TPbOX
AudepeHLiaIbHUX PiBHAHb NMEepUIOro NMOPAAKY i YOTUPBOX anre6paiyHux. 3 ii AOMOMOrow BHMBYEHi TMMYacoBi
XapaKTepHUCTHKH NpoLecy.

Katouosi ca08a: KiHeTHKa; pUCOBe JIYIIITUHHSA; MeXaHi3M; JIirHiH; po3kaaganHs; cuinii (IV) okcug,
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AHHoOTanuga

B paMKax peleHu:A l'lpOﬁJ'IeMbl HCIOJIb30BAHUA BTOPHYHOrO ChIpbA AJIA NPOHU3BOACTBA LIMPOKOro CIEKTpa
pa3H006pa3m,lx NpoAYKTOB, pacCMaTpHuBaeTCA Bble/IeHUe aMOp(l)HOl"O AUOKCHJA KPEMHHA U3 0TX040B pPUCOBOIro
IIpoOM3BOACTBA - pl/ICOBOﬁ oieJIyxXy, KoTopas OT/IH4aeTcd II0 CBOeMy XHMMHYECKOMY COCTaBy OT BCeX APYrux
3JIaKOBBIX KYJIbTYP GOJIBIIMM COJEePKaHUEM AMOKCUJA KpeMHUA. AMOp}HBIi AMOKCH, KDEMHUSI UMeeT IUPOKUI
CIIEKTP INpPpHMEHEHUA B 3JJIEKTPOHHUKe, MeJulHuHe, l'l]([l.l.l,eBOﬂ NPOMBIIIIVIEHHOCTH, KOCMETOJIOTUHM, IpPpH
NPpOM3BOACTBE JIAKOB M KPACOK, a TaKXe B [APYrux OTpac/jfdX NPOMBIIIJIEHHOCTH. K amop(])ﬂomy AUOKCUAY
KpeMHHUA NpegbABJAKNTCA pa3/IndHbIE Tpe60BaHPlH, HO OCHOBHBIMH ABJIAKOTCA aMOp(l)Haﬂ CTPYKTYypa, CTelleHb
OYHUCTKHU U pa3Mep 4YacCTHLL. ﬂ}'lﬁ HU3y4YeHUuda HensoTepMqucxoﬁ KHHETHKH TEPMHUYECKOro pas3jioKeHHUA OCTaTKa
pMCOBOM HIeJyXy NPUMEHSIN AepuBaTorpaduyecKuili Meto/ aHaausa. [lo pesysbTaTtam AepuBaTorpagpu4eckoro,
XUMHUYECKOro u (l)aBOBOl"O AHA/JIM30B IIpeAJiIO’KeH MeXaHU3M Iponecca BblAeJIeHUuA aMOp(l)HOl"O AUOKCHAA
KpeMHHUA NyTeM TePMHUYECKOro pa3jIoXKeHHus pﬂCOBOﬁ HIeJIYXH Imocjie yaaJieHus JIMTrHUHa. PaccyuTaHbl 3HaYeHUA
YC/10BHBIX 3Heprm7| AKTUBALlM1 U NPEeA3KCIIOHEeHIUA/IbHBIX MHOXHUTeJIel peakuuﬁ. l'locrpoeﬂa MaTeMaTHu4YeckKas
MoJeJ/ib, KOTOpasi ONMUCHIBAETCSl CUCTEMOH, cocTosieil u3 Tpex JudpdepeHIHANBHBIX YpaBHEHHH INEepBOro

nopAAKa U YeThbIpex anre6panqec1mx. Cee NOMOIUBI0 U3YYE€HBI BPEMEHHbIE€ XapaKTEPUCTUKH ITpo1ecca.

Karwouesvle caosa: KHWHETHKa, pycoBad 11eJlyXd, MEXaHU3M, IMTHUH, pa3JjlIOXKeHHue, JUOKCHU KPEMHUA

Introduction

One of the important and urgent problems in
Ukraine is the disposal of solid wastes and
development of environmentally friendly and
low-waste technologies of their recycling [1-3].
Large-tonnage, constantly renewable agricultural
wastes, namely rice husk (RH) are of great
interest. Rice is the most common crop in the
world. Rice is grown in more than 100 countries
around the world. World rice production is 530
million tons, which corresponds to 110 million
tons of rice husk. The countries with the highest
level of rice production are China (140 million
tons), India (110 million tons), which makes up
almost 60% of the global volume. They are
followed by Thailand, the Philippines, Brazil,
Japan, and Vietnam with lower productivity [4-
5]. The total rice production in Ukraine reaches
100 thousand tons/year with 20 thousand tons of
rice husk. The use of rice husk allows expanding
the raw material resource base, creating an
effective, environmentally friendly production for
extraction of amorphous silicon(IV) oxide that
meets the specified requirements. RH mostly
consists of lignin (according to [6-9] ~ 40%
mass), cellulose (according to 36% mass ) and
around 24% mass of silicon(IV) oxide and metal
oxides [9; 10]. RH can be used as raw material for
amorphous silicon(IV) oxide extraction for
various purposes. The advantage of this raw
material is its yearly reproducibility and
possibility to get valuable components with pre-
specified properties [9; 11-16].

The traditional methods of obtaining
silicon(IV) oxide from mineral raw materials are
multistage and energy-consuming. The extraction

of amorphous silicon(IV) oxide from RH reduces
energy consumption, and the resulting product
has a purity of 99.9 % of the mass. A number of
papers [17-23] include the results of
experiments on rice husk chemical processing in
various process modes. To obtain high purity
amorphous silicon dioxide, it is necessary to
extract carbon-containing compounds from rice
husk.

Thermodynamic research [8] made it possible
to determine the operating parameters of the RH
heat treatment process (temperature, pressure,
the composition of the gaseous phase), which
allowed reducing the amount of experimental
studies and planning them. However,
thermodynamic studies do not allow to
determine the temporal characteristics of the
process. The purpose of this paper is to study the
laws of thermal decomposition of rice husks freed
from lignin. Determination of the Kkinetic
parameters of this process in non-isothermal
conditions, the establishment of the mechanism
of the process of thermal decomposition.
Compilation of a mathematical model that fully
describes this process.

Experimental

A derivatographic method is used when
studying the kinetics of thermal decomposition of
rice husks freed from lignin [24; 25]. This method
allows applying a complex procedure of
concurrent analysis of mass variation curves
(TG), and temperature change (DTA). The
derivatographic method in line with other
methods of the analysis (chemical, and X-ray
phase, etc.) allows determining the chemistry of
transformations at samples heating and
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calculating the reaction activation energy E and
the pre-exponential factor ky. A sample of rice
husk was subjected to a derivatographic study,
from which lignin was extracted with an alcoholic
acid extractant according to the procedure [27].
The composition of the residue after the

extraction of lignin and decomposition products
during thermal decomposition was determined
by size exclusion chromatography using a CHNS /
0 2400 Seriesll analyzer. The obtained results are
shown in table 1.

Table 1
The elemental composition and ash content of rice husk freed from lignin
Parameter Séﬁboh Actual Value
Ash content, dry basis Ad % 31.8
Carbon Mass Content C4,% 23.52
Hydrogen Mass Content Hd,% 4.694
Nitrogen Mass Content Nd4,% 0.28
Oxygen Mass Content 044,% 39.76

Based on the data given in table 1, a
conditional formula of a rice husk molecule, freed
from lignin, of the following form was proposed:
C1,95H4,6402,48N0,02'0.535102'0,30H20.

A derivatogram was obtained using a Paulik
F.- Paulik ].- Erdey L. system derivatograph in air
in the temperature range 20-1000 °C at a heating
rate of 0.17 K/s. Statistical processing of the
obtained results and mathematical modeling
were carried out using standard Mathcad 14
software.

Results and discussion

Fig. 1 shows a derivatogram of RH sample
thermal decomposition after the RH lignin
removal in air. As one can see in Fig. 1, three
peaks are recorded on the thermal image of the
sample. The first endoeffect is observed at 102 °C,
and two exoeffects correspond to 355°C and
600°C respectively. The main organic
components of rice husk are cellulose and lignin
with burn temperature of 350 °C and 500 °C
respectively [28-30]. Therefore, we can make a
conclusion that the exoeffects on the
derivatogram correspond to the burning of
cellulose and some lignin remained unextracted
from RH.

200 -
\
2RR / 60
150 A
(O]
100 A
T
DTA
10
50 A
0 T T T 1
0 200 400 600 800

T

Fig.1. Derivatogram of the thermal decomposition process of a sample of rice husk freed from lignin in air

At 102 °C water is evaporated. Based on the
change in the sample mass, the conditional initial
rice husk molecule freed from lignin,
C1_96H4_6402_43N0_02'0.538102'0.30H20, can be
divided into its dehydrated part and water. At
250-530°C, cellulose  thermal oxidative
degradation occurs along with formation of
pI‘OdUCt Co.94H2.480185:0.53Si0;,. Then at 530-730

°C, the further thermal degradation of residual
carbon-containing components occurs along with
silicon(IV) oxide formation. Thus, we can write

the following scheme of chemical
transformations:

C1.96H4.6402.48N2-0.53 Si02-0.30H,0->
C1.96H4.6402.48N2-0,53 SiO,+ 0.30H,0 (D
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C1.96H4.6402.48N2-0.53 Si02+1.24 0,>
C0,94H2_4801_88'0-53 SiOz+N2+1.08 H20+1.02C02 (2)

C0,94H2,4801,83'0-53 Si0;+0.62 0,~>

According to the proposed scheme of
decomposition of rice husk free from lignin, with
the release of silicon dioxide during chemical
transformations, seven components are involved.

0.53 §i02+1.24 H20+0.94 CO2 (3) We designate them with symbols, as shown in
Table 2.
Table 2
Component Symbols
Component Symbols
C1.96H4.6402.48N2 -0.53 Si02- 0.30 H20 ni
C1.96H4.6402.48N2 -0.53 SiO2 nz
Co.94H2.4801.88:0.53 SiO2 n3
N2 n4
H20 ns
CO2 ne
Si02 nz

The mathematical model that corresponds to
this process consists of three differential kinetic
and four algebraic equations of material balance:

dl’ll

ke S 4
I 111 (4)
dn

—2=k1nl—k2n2, (5)
dr

dn

=3 =kony —kang (6)
dr

n, =0,01n’ —0,01n, —0,01n, (7

n, =2,62n —2,62n, —2,32n, -1,24n, (8)
n, =1,96n —1,96n, —1,96n, —0,94n, (9)
n, =0,53(n) —n,—n,—n,)

(10),
where k; - k3 — are the reaction rate constants
(1-3), s
T - time, s;

n;° - the initial number of moles of rice husk
freed from lignin;

n; - ny- the current number of moles of the
corresponding components.

To determine the kinetic parameters of the RH
thermal decomposition process after the lignin
removal, peaks in the thermal image (Fig. 1) that
correspond to reactions (1-3) are determined.
The reference temperatures are determined by
the bend point on the DTG curve and are as
follows: Ts1 =375 K, Tsz =628 K, Ts3 =823 K.

Arrhenius equation is used to define the
specific reaction rate:

E

k=k0exp(——J (11),

RT

where k - specific reaction rate, c';

ko - pre-exponential factor, c1;

T - varying temperature, K.

Relative activation energy is defined using the
following equation:

E=tgB-RTZ

where Ts - reference temperature, K;

tg B — slope of the line made in W*=f(0)
coordinates.

(12),

Equation [31] is used to plot W= rninwo = Wi
Wo _W'r
against temperature ©:
/nfn Wo = Wi :E_-GZ (13),
Wo-W, RTZ

where Wy, W1, Wy are the initial, current and
final sample mass respectively, g;

E - relative reaction activation energy, ] /mol;

R - universal gas constant, R=8.310 ] /(mol-K);

6 - temperature difference, taken with an
arbitrary step on the derivatogram. For
calculations, we accept 6=+ 10K, 0,= + 20K,
63= + 300K
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W

10 e.K 30

-0.,026x-0.642

v=-0,019x -0.960
. -

y=-0,021x-1,280

Fig.2. Dependences of W* on the temperature difference 0 for reactions (1-3): 1 - for reaction (1) ata
temperature Ts1 =375 K; 2- for reaction (2) at a temperature Tsz =628 K; 3- for reaction (3) at a temperature Tss3
=823K.

Equation [24;31] is used to define pre-
exponential factor ko:
gE

where g - sample heating rate, K/sec.
The calculated values of E and ko are given in
Table 3.

k0 :ﬁ (14);
RT§exp| ——
S Xp( RTs)
Table 3
Kinetic parameters of the process of thermal decomposition of lignin-free rice husk
Chemical T K Pre-Exponential Factor, kO, Relative Reaction
Reaction ! c-1 Activation Energy, E, ] /mol
1 375 0.69-102 30.8:103
2 628 1.23-104 62.95-103
3 823 1.00-105 119-103

When solving the system of equations (4-10)
using standard Mathcad 14 software, the
spatiotemporal properties of the process of
thermal decomposition of lignin-free rice husk
are determined (Fig. 3).

The proposed mathematical model allows us
to calculate the degree of conversion of lignin-

free rice husk to silicon (IV) oxide, depending on
the temperature of thermal decomposition. The
dependence obtained as a result of solving the
system of equations (4-10) is shown in Fig. 4 by a
solid line.
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T T T T’K

C, kmol/kg

Time, sec
Fig. 3. The ratio of the concentrations of reaction products in the process of thermal decomposition of lignin-free
rice husk
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= is the calculated curve;
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Fig. 4. Temperature dependence of the conversion of lignin-free rice husk to silicon(IV) oxide on temperature

The calculation of the degree of conversion on The values of the degree of conversion
the basis of experimental data was carried out calculated from the experimental data are shown
according to the formula: in Fig. 4 by dots.

W —W The proposed mathematical model allows
=—0 = establishing the dependence of the time of
Wo —Wi (15) formation of silicon(IV) oxide with a degree of

conversion equal to unity on the heating rate of
rice husk free of lignin. As can be seen from Fig. 5,
the minimum time spent on this process with a
degree of conversion equal to unity corresponds

where Wy - is the initial mass of the sample;
Ws - is the mass of the sample at TS;
Wk - is the final mass of the sample.
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to a heating rate of 0.6 K/s. The calculated value

10000

8000

Q
Y 6000 -

g
=

2

4000

2000

is in good agreement with the experimental data.

0 |
D 0,2

0,4 0,6

Heating rate, K/sec

Fig. 5. Dependence of the time for the release of silicon(IV) oxide on the heating rate of a sample of lignin-free
rice husk

Consequently, the proposed mathematical
model adequately describes the experimental
data and can be used in the design of reactors for
the processing of lignin-free rice husks in the
production of high-purity amorphous silicon(IV)
oxide.

Conclusions:

1. Based on the obtained experimental data on
the kinetics of thermal decomposition of lignin-
free rice husk, the scheme of this process has
been established. It has been shown that the
formation of silicon(IV) oxide occurs during
successive conversions of the conditional
molecules C1.96H4_6402_48N2'0.53 SiOz'O.SOHzO,
C1.96H4.6402.48N2:0.53 Si02, Co,94H2,4801,88:0.53 SiO:
at temperatures of 102, 355 and 600 °C.

2. A mathematical model for description of the
kinetics of the thermal decomposition of lignin-
free rice husks has been developed. The kinetic
parameters of the process were obtained and an
experimental verification of the adequacy of the
proposed model was carried out.

3. It has been shown that the formation of
silicon (IV) oxide with a degree of conversion
equal to unity occurs at a temperature of 600 °C.
A minimum process time of 2000 seconds is
provided at a heating rate of at least 0.6 K/s. It is
proposed to use the developed mathematical
model and the results of experimental studies in
the design of reactors for processing lignin-free
rice husks in the production of high-purity
amorphous silicon(IV) oxide.
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