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Ilepcnexmusnum nanpamxom ymunizayii mexHiunozo
210pOo1i31020 JlieHiNY € 1l020 3ACMOCYBAHH 8 MEMAYP2iii-
HOMY SUPOOHUUMEI, 8 nepuy uepzy NPpu nid20Mosui 3ai-
30pYyonoi cuposunu i 0oMmennomy npoyeci. SHannuil pezepe
npuU UbOMY 30CepedIceHUll 8 AzNOMEPAUTUHOMY NPOUECT.
nsa noninwenns nanuenux enacmuseocmel JiezHiHY, a
maxosic 0N 6UOANEHHS, 3 MONCUBICMIO YJLOBTIOBAHHA,
MOKCUMHUX Peu0BUH, CJi0 30LUCHUMU 1020 nonepeoii
niponiz. Excnepumenmanvio 6uéueno 6nius mexmiunozo
210pOi31020 JlieHiNY Pi3H020 CMYNeHs NipoTi3auii Ha npo-
uec 3aniz0pyonoi aziomepayii i 6AACMUBOCI OMPUMAHO-
20 aznomepamy. Buxionuii nienin niddasascs nonepeonii
mepmiuniil 06pooyi do xinyeeoi memnepamypu 400, 600,
800 i 1000 °C 6e3 docmyny nosimps. Cnixannsa aziome-
pamy 3a yuacmio nipoJizoeanozo JizHiny npoeoouau Ha
nabopamopniii aznomepayitniii ycmanosui. Ilicas cni-
KAHHA 6UIHAMANU MIUHICMY aziiomepamy, 00Cai0IHCYEaau
11020 maxpocmpyxmypy. Ximivnuii ckaao 3pasxie aziome-
pamy 00caidIcYsaiu memooom penmeenodyopecuyenm-
HO020 aHanizy.

B pesynvmami nposedenux excnepumenmis susnauena
Mooicaugicmo 3aminu 25 % K0KC08020 Opi6 A3Ky AieHinoM,
nonepeonvo nipoaizosanum npu memnepamypi 800 °C. 3a
MaKux yYmo8 OCHOBHI NOKAHUKU A2JIOMEPAUiiiH020 Npo-
uecy, maxi AK eepMuUKaAILHA WEUOKICMb CNIKAHHSA, 6UXIO0
npuoamiozo npooyxmy i numoma npooyKmusHicms ycma-
HOBKU, NPAKMUUHO He 3MIHIOIOMbCSL.

Cnocmepizaemvcs He3HauHe 3HUIHCEHHS MIYHOCMI A2)10-
Mepamy Ha yoap i Ha CMUPAaHHs, 0OHAK 0aHni NOKAZHUKU
3aAUMAOMbCL HA MEXHON02TUHO npulinamuomy pieni. Cio
3asHauumu, wWo NPu GUKOPUCMAHHI JIiZHIHY 6 AKOCMI azjio-
Mepauiiinozo naiuea UABNAENMbC MeHOeHUist 00 0esKo-
20 3HUJICEHHA eMicmy 3ani3a 6 aznomepami. Jlocnioxncenns
Maxkpocmpyxmypu aziomepamy noxasano 30iavuenns
diamempa nop npu uacmxosiii 3amini KoKcoe0zo opio a3xy
JieHIHOM, NPUHOMY 3 NIOBUWEHHAM MeMNePamypu nipoJii-
3y JieHiny, 06Cs2 NOP 30ibUYEMBCA.

IIposedeni docaidcenns niomeepounu moxcaugicmo
SupiuenHs aKmyanbHoi eKon02iMHoi npodemu ymuizauii
MEXHIUHO020 JIi2HIHY, WIAXOM 3ACMOCYBAHHS 1020 8 AzJl0-
Mepauiiinomy npoueci 3 nOnepeoHbo10 1020 NIPOII3AUIETO.
Hepcnexmusnum nanpamxom nodanvuux 00CaiOHceHb €
PO36UMOK CnOCO6I8 Ni020MOBKU MeXHIUH020 210pPO.JIi3H020
JieHinY 00 BUKOPUCMAHHS 8 3ATU30PYOHIlL aziloMepauti

Kntouogi caoea: ymunizauis npomucniosux eioxodis,
mexnivnuil 2i0posi3nuil JieHin, NIPoaiz, 3anizopyona
aznomepauis
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1. Introduction

Technical hydrolysis lignin (THL) is an industrial waste
that is formed at the enterprises of the hydrolysis, in pulp and
paper industry as a result of chemical treatment of wood bio-
mass and substandard agricultural raw materials. Currently,
the estimated accumulation of THL is about 70-90 mil-
lion tons in Russia [1], 515 million tons in Ukraine [2],
4.3 million tons in Belarus [3]. The land resources alienated
for hydrolysis dumps do not subject to reclamation, and THL
serves as a source of various hydrocarbon compounds in the

environment, including toxic furfural [4]. The analysis per-
formed [5] shows the presence of phenols, phenanthrene and
methanol in the lignin samples. The highest total content of
organic compounds is observed in the lignin samples taken
directly on production. Phenols prevail in the samples of the
stored lignin of the upper horizons, methanol — in the lower
ones. The results indicate the penetration of formaldehyde
and phenols in aquifers.

Industrial methods of utilization of waste lignin in the
required amount are not used. A certain part of THL is used
as household fuel, filler, burning additives and a component




for the production of carbon materials and sorbents. How-
ever, the share of lignin processed in this way is small. Ac-
cording to the EUROLIGNIN international organization,
just over 1 million tons of practically used lignin account for
50 million tons of THL annually extracted from plant raw
materials in the world [6]. Therefore, processing of THL is
an urgent issue.

2. Literature review and problem statement

The perspectives of technical hydrolysis lignin utilization in
relation to various technological processes have been studied.

The results of the study [7] on the use of lignin in the form
of lignin sulfate in the particle board industry are presented.
It is shown that the parameters of the obtained materials are
comparable with the parameters of traditional materials made
from phenol-formaldehyde resins, but there remain unre-
solved issues related to the purification of technical hydrolysis
lignin for its use in the proposed technology. The difficulties
of preliminary purification of technical lignin, as well as the
presence of harmful substances, do not allow using its con-
siderably in the proposed technology. An option to overcome
these difficulties can be in application for other directions.
The possible areas can be production of nanomaterials [8],
dyes [9], and wastewater treatment [10]. Preparing nano-
spheres from lignin previously obtained in the paper industry
is considered in [8]. The proposed technology is technically
simple and cost-effective, however, it can be applied only for
newly formed lignin, since lignin accumulated in dumps has a
significant amount of impurities. In addition, the production
volume of nanospheres will not allow the utilization of all the
formed lignin. The study [9] concentrates on using lignin
possibility in textile, industry paint and varnish industries,
as well as wastewater treatment, is investigated. In another
work [10] the possibility of lignin application as a sorbent for
wastewater treatment from zinc have been considered. Nev-
ertheless, there are unresolved issues related to the cleaning
of a sorbent after use. The content of harmful substances in
it is higher than in the initial lignin and subsequent disposal
requires additional costs.

Considering the above, it becomes obvious that a con-
sumer needs for the complete utilization of hydrolysis waste
and their demand will be commensurating with the volumes
of THL generation. Metallurgy, where lignin can be used as a
substitute for solid fuel, can become such a consumer. The ef-
fect of replacing part of solid fuel during sintering with vari-
ous biomaterials is investigated. Accordingly, the study [11]
of the effect of replacing coke breeze with charcoal, pine
and oak sawdust is carried out. It is shown that when using
sawdust materials as a solid fuel, considerable fluctuations in
the process parameters are observed. This can be caused by
significant volatile content and requires additional research.
Gan et al. [12] reported about how the effect of replacing sol-
id fuel with charcoal, pyrolyzed straw and sawdust pellets act
in the sintering process. It is found that 40 % of coke breeze
can be replaced with charcoal, 20 % and 15 % with pyrolyzed
straw and sawdust pellets, respectively. There is a significant
increase in the allowable amount of the biomaterials to be
added when an increase in the pyrolization degree, but the
issues concerning the problem how the sinter yield reduces
due to the structural changes of the cake with biomaterials
remains unresolved. For this, it is necessary to investigate
the structure of the sinter obtained with the addition of bio-

materials. However, Mezibricky et al. [13] reported that this
approach has showed no difference within phases and com-
positions of these phases, in the study of the microstructure
in the vicinity of pores left by biofuel particles. A possible
reason for the structural change, which occur in the sinter
with adding biomaterials, is thermal conditions that differ
from these when using coke breeze and biomaterials.

The addition of biomaterials, including lignin, into the
sintering mixture substantially changes the mechanism and
kinetics of sintering processes. At the same time, there are
problems associated with determining the optimal amount
and the properties of lignin. The influences of technical hy-
drolysis lignin addition on the processes of fuel combustion
and materials sintering are not sufficiently studied. All this
suggests that a study on the effect of pyrolyzed THL on the
sintering process and sinter properties is advisable.

3. The aim and objectives of the study

The aim of the work is to assess the possibility of partial
replacement of coke breeze in the sintering mixture with
prepyrolyzed technical lignin.

To achieve the aim, the following objectives have been set:

—to experimentally study the effect of adding THL
with various pyrolization degrees on the process of iron ore
sintering;

— to study the effect of adding THL of various pyroliza-
tion degrees on the composition and properties of the ob-
tained sinter;

— to determine temperature parameters of the pyroliza-
tion process of technical hydrolysis lignin for its subsequent
use in sintering.

4. Materials and methods for studying the effect of
lignin addition on the sintering process

4. 1. Preparation of materials and sintering

To obtain the sinter, the materials provided by the
Dnieper Metallurgical Combine, PJSC (Ukraine) were used.
The composition of the iron-containing and fluxing compo-
nents of the sintering mixture is given in Table 1.

Table 1

Composition of the iron-containing
and flux components of the mixture

. Content, %
Materials -
Feoul | FeO |Fes03| SiO, | ALLOs| CaO | MgO| LOI
Tronore | ox oa 19897 62.71 | 6.44 | 030 [0.17] 0.26 | 1.85
concentrate
Tron ore | 57.75| 1.76 | 80.54 [12.71] 1.60 |1.72] 0.62 | 1.05
Limestone | 028 | — [ 040 | 15 | 056 [51.5] 092 [45.12
Lime | 012 | — [ 018 | 1.8 | 0.26 {868 1.40 | 9.44

The initial lignin was used in the form of pillow-shaped
briquettes prepared via roll press [12]. The briquettes were
subjected to preliminary heat treatment to different final
temperatures (400, 600, 800 and 1000 °C) without air access
in the electric pit-type furnace. The thermal holding time
at the final temperature was 20 minutes. After pyrolysis,
the retort with the residue was taken out of the furnace and
dry-quenched. The resulting material was crushed to the size



of less than 7 mm. Exceeding the specified size limit is im-
practical as it can lead to the appearance of a local re-melted
sinter cake.

The properties of coke breeze and lignin were deter-
mined additionally. In the experiments, technical hydrolysis
lining of the Zaporizhzhya hydrolysis-yeast plant was used.
The technical properties of coke breeze are presented in Ta-
ble 2, proximate and ultimate analyzes of the initial and the
pyrolyzed lignin in Table 3.

The study of the sinter macrostructure has been performed
using the Neophot-21 inverted reflected light photomicroscope.

The chemical composition of the studied samples has
been studied by X-Ray Fluorescence analysis using the
EXPERT 3L precision analyzer. The detection limit of
elements for 100 s (from 12 Mg to 92 U) is <0.05 %. The
detector applied was SDD with a nominal statistical loading
of the spectroscopic path of 52,000 s"' and the resolution (for
KoMn) at nominal loading less than 149 eV.

Table 2
Technical properties of coke breeze 5. Study results: the effect of
dding prepyrolyzed technical
. o Ash content on . o Total sulfur on a RS X
Moisture, % dry basis, % Volatile matter, % dry basis, % kJ/kg hydrolys.ls llgpln on the iron ore
asre- | air dried drv basis Ad | 00 dry | dry-ash free gd Law Calorific sintering process
ceived W' | basis W# y basis Vd basis Vdaf t Value Table 5 sh h il
able 5 shows the principle re-
1. . 11. . . .32 2701 . .
3 09 ! 35 39 03 7013 sults of the sintering. In the case
Table 3 When lignin pyrolyzed at tempera-
Proximate and ultimate analyzes of the initial and the pyrolyzed lignin tures of 400 and 600 °C was z.ipphed,
the required amount of the sinter to
Fuel (pyrolysis | Moisture| Ash con- | Volatile mat- | Total sulfur| Hydrogen | Carbon | Nitrogen | determine strength characteristics
temperature, °C)| W2 % | tent A4, % |ter V4/v&i 9| Sd % HY% | €% | N4 % | was not obtained.
Lignin (in) | 78 334 | 418/629 | 104 356 | 5240 [ 069 Fig. 1,2 show the effect of the
Lignin (400) 4.1 40.1 18.7/31.2 1.00 210 | 47.87 | 0.67 P?’rt‘ﬂlzat,l‘ig defgee Oi.hgln”? (En Fhe
n i inter
Lignin (600) | 2.6 458 8.4/155 0.99 129 | 4935 | 066 | -onier yied and vertica sintering
e rate in comparison with the applica-
Lignin (800) | 2.1 50.9 3.4/69 1.03 071 | 4623 | 055 | tion of only coke breeze as a fuel.
Lignin (1000) 6.7 48.9 5.7/11.1 1.07 0.61 48.66 0.45

Sintering was performed via lab-scale sinter pot: the

Table 5

Results of sintering with lignin of different pyrolization degrees

sintering parameters and the mixture composition cor- —
. . . . ue
responded. to the rgal sintering mixture of the Dn1ep§r Process parameters
Metallurgical Combine, PJSC. Additionally, an increase in Coke breeze Lignin
heat los.ses 1nhthe lab-scale sinter pot as compared w1th ‘Fhe Pyrolysis temperature, °C 1050 400 16001 800 | 1000
industrial units was taken into account. The composition : :
of the sintering mixture is shown in Table 4. The amount Sinter yield, % 69.25 4175|375 |66.75 | 51.75
of THL pyrolyzed to different temperatures in all exper- Impact strength, % 94 - | =195 77
. o )
iments was 25 % of the total amount of sol}d fuel u§ed. Abrasion strength, % 03 - " o5 ]
Generally, it is not recommended to exceed this value since
it can lead to an excessive reduction in the total calorific Vertical sintering rate, 3978 2931192521 295 | 20.29
value of the solid fuel mixture. mm,/min
Specific capacity, t/m?h 1.84 0.77 10.78| 1.59 | 0.88
Table 4
Composition of the sintering mixture
. 757
c . Content, % = 70 —=—Coke
omponents = 70- e Tiemi .
P Without lignin | With lignin E °—Lignin|
Concentrate 46.75 46.75 S 60 -
Iron ore 10.5 10.5 N e
K = 55 / .
Lime 1.5 1.5 © 50 >
2 504
Limestone 10.25 10.25 5 45
Coke breeze 6 4.5 % 40- . 4
Pyrolyzed lignin - 1.5 ] .
354— T T T
Return 25 25 400 600 800 1000
Total 100 100 Temperature, °C
Moisture 8 8

4. 2. Sinter strength assessing method and equipment
for studying its macrostructure and chemical composition

After sintering, the impact strength of the sinter (frac-
tion yield +5 mm after tests) and abrasion strength (fraction
yield less than 0.5 mm after tests) has been determined.

Fig. 1. Dependence of sinter yield (+10 mm) on the lignin
pyrolysis temperature

It is found that when using lignin at the pyrolization
temperatures of 400 and 600 °C, the sinter yield and quality
are significantly reduced. In turn, the usage of lignin prepy-
rolyzed at 800 °C allows obtaining indicators of the sintering



process at a basic level. At the same time, the impact and
abrasion strengths of the sinter have been reduced slightly
compared with the standard one (only coke breeze). Increas-
ing the pyrolization temperature up to 1000 °C

tent of THL compared to coke. The dramatical increase in
the silicon content and the decrease in the aluminum content
in the sinters obtained with THL should also be noted.

. . . . Table 6
lead to neither an improvement of sintering . )
parameters nor sinter properties. Elemental composition of the sinters
, The Inicrovstructures of the sinters Qb- Fuel (pyrolysis | Basicity, Content of elements, %
tilned only with liol];e breezle and those with temperature, °C) | Ca0/SiOy [ ALOs | SiO, | CaO | Mn | Few | Ov
the mixtures of coke breeze plus THL prepyro-
. . Cok 1.19 0.992 | 10.209 | 12.103 | — | 53.641 | 32.402

lyzed to 800 and 1000 °C are shown in Fig. 3. - ,O <

. . Lignin (800) 0.86 0.703 | 14.848 | 12.715 | 0.12 | 50.001 | 33.449
The obtained sinters have a complex structure =5
and in the case of using THL are characterized Lignin (1000) 0.83 0.927 | 13.847 | 11.453 | 0.039 | 51.102 | 33.417

by increased diameter of pores and a number
of cracks.

= Coke
—e— Lignin

400 600 800 1000 1200

Temperature, °C

Fig. 2. Dependence of the vertical sintering rate on the THL
pyrolysis temperature

Fig. 3. Macrostructures of the obtained sinters (x10):
a — with coke breeze; b — with lignin pyrolyzed at 800 °C;
¢ — with lignin pyrolyzed at 1000 °C

Table 6 shows the elemental composition of the sinters
according to X-Ray Fluorescence analysis. Fig. 4 illustrates
the XRF spectra of the sinters obtained using coke breeze
and its mixtures with lignin of different pyrolization degrees
as solid fuel.

The application of THL as a fuel causes the decrease in
the iron content within the sinter due to the higher ash con-

6. Discussion of the study results of the pyrolyzed lignin
effect on the sintering process

The proximate analysis of lignin pyrolyzed at different
temperatures allows concluding that at the pyrolization
temperature of up to 600 °C, lignin contains a large amount
of volatiles. This leads to the fact that during the mixture
heating such material first gives off volatile substances
that do not burn and, consequently, they are carried away
by flue gases. At the pyrolysis temperature of 600 °C, an
increase in the vertical sintering rate up to 25.2 mm/
min is observed. With regard to the insufficient amount
of the heat entering the layer, the sintering process is not
fully completed and the sinter yield decreases to 37.5 %.
Taking into account that THL after pyrolysis at 800 °C
has relatively low volatile substances, this fuel provides
the best parameters of the sintering process, comparable
to the parameters when using coke breeze and allows
achieving specific capacity of the sinter pot of 1.59 t/m?h.
In the case of using THL of the pyrolization temperature
of 1000 °C, faster fuel burnout, layer remelting and, as a
result, decrease in the vertical sintering rate to 20.29 mm/
min are observed. This is due to the greater reactivity of
THL after pyrolysis, compared with coke, which is con-
sistent with above-mentioned studies [7, 8]. The sintering
process in such conditions is better than using lignin with
the pyrolization temperature of 600 °C and the yield makes
51.75 %. However, in both cases, there is a low specific
capacity of the sinter pot — 0.78 t/m%h at the pyrolysis
temperature of 600 °C and 0.88 t/m>h at 1000 °C.

That, as the THL pyrolization temperature increases
from 800 to 1000 °C, an increase in the maximum diameter
and the total number of the sinter pores is observed. This can
be explained by the fact that due to the higher reactivity of
the pyrolyzed lignin, there should be a higher temperature at
the place of its location within the layer. This, in turn, is to
lead to the sinter re-melting.

Additionally, the particle size of lignin is up to 7 mm,
compared with the coke breeze size (up to 3 mm). Increasing
the particle size is necessary for achieving the same time
of fuel combustion in the layer horizon, based on increased
reactivity of pyrolyzed lignin.

Moreover, the use of THL with the pyrolization tem-
perature of 800 °C allows increasing the sinter porosity
with a slight decrease in strength. On the other hand, with
an increase in the lignin pyrolysis temperature, the average
maximum pore diameter increases from 4.14 mm at the
pyrolization temperature of 80 °C to 4.87 mm at 1000 °C.
In addition, an increase in the reducing ability of the sinter
during blast furnace smelting is expected. Under conditions



of lignin industrial use, the reduction of the iron content in
the sinter will not exceed 0.5 % if replacing 25 % of solid fuel.
There will be lower fuel consumption compared with the lab-
scale sinter pot.
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Fig. 4. XRF spectra of the obtained sinters: @ — with coke
breeze; b — with lignin pyrolyzed at 800 °C; ¢ — with lignin
pyrolyzed at 1000 °C

The obtained results are consistent with [12], where the
permissible amount of biomaterials added to the sintering
mixture is established according to the degree of their py-
rolization. However, unlike the results published in [12],
the analysis of the effect of lignin pyrolization degree on the
sintering process suggests the following:

— the volatiles contained in the fuel do not completely
burn during sintering, their heat is not used in the sintering
process, therefore the minimum volatile content is necessary;

— for uniform heat treatment of the sintered layer using
pyrolyzed lignin, it is necessary to achieve the lignin burn-
ing rate equal to the burning rate of coke breeze.

These conditions are achieved by selecting the pyroliza-
tion temperature, as well as the size and density of the parti-
cles of the initial lignin.

The relevant direction of further work is the development
of methods for preparing technical hydrolysis lignin for utili-
zation in iron ore sintering as solid fuel. Since THL is a fine-
grained bulk material,itsapplication requires preliminary pel-
letizing, that can be carried out by roll press briquetting [14]
or by forced spinneret granulation [15].

7. Conclusions

1. The effect of technical hydrolysis lignin, subjected to
pyrolization at temperatures of 400, 600, 800 and 1000 °C,
on the process of iron ore materials sintering and the prop-
erties of the obtained sinter has been experimentally studied
in the publication. The replacement of coke breeze up to
25 % by lignin pyrolyzed at 800 °C in iron-ore sinter charge
sustained in the efficiency of the sintering process, which
remained at an acceptable level of 1.59 t/m2h. On the other
hand, the impact strength and abrasion strength values of
the sinter decrease slightly by 3.5 % and 0.2 %, respectively.

2. The study of the sinter macrostructure has showed an
increase in the pore diameter when using lignin. At the same
time, with an increase in the lignin pyrolysis temperature,
the average maximum pore diameter increases from 4.14 mm
at the pyrolization temperature of 800 °C to 4.87 mm at
1000 °C.

3. Thus, a number of studies reveals the prospects of the
proposed direction of processing technical hydrolysis lignin
by using it as a solid fuel in iron ore sintering. It is found
that the maximum lignin pyrolization temperature should
be 800 °C.
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