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Abstract. There are two major groups of binder: organic and inorganic binder for agglomeration process for reduction, and sintering for steel production. In
this work, effect of composite binder on roasting of Mongolian “Tumurtei” iron ore concentrate briquettes in ambient atmosphere was studied, aiming
to clarify optimal parameters of roasting behavior with three different MHA binders for direct reduction. Lignite contains organic and inorganic
substances, and according to many previous investigations, it can be raw material for extraction of composite binder. Pressed iron concentrate with
MHA binder was subjected to oxidation and reduction process in the electrical furnace. The optimum conditions of experiments were as follows.
Parameters of briquetting process were carried out according to the no-binder briquetting test 0.75 t-cm™2 pressure, 5 seconds pressing time, 8 % of
moisture content, oxidation at 950 °C under air flow for 10 min, and reduction at 1100 °C under CO atmosphere. As a result, MHA binder extracted
from “Baganuur” lignite affected the reduction degree higher than another two binders in this study. Total iron content in reduced iron is attained to
98.33 % with 1 % of MHA extracted from “Baganuur” lignite. Reduction degree can be expressed by loss of oxygen.
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- INTRODUCTION

Steel is one of the most important much applied, and low
cost metal materials in modern industry. At present the scale
of the steel industry is constantly expending, iron and steel
production technology is developing and improving. Direct
reduction (DR) technological process is also developing to-
ward compact, efficient, continuous, clean and environmen-
tally friendly directions [1]. According to statistics of the
International Iron and Steel Association, the production of
crude steel in the world increased in 64 countries reporting
151.7 million tones (Mt) in August 2018, a 2.6 % increase
compared to August 2017 [2].

Direct reduced iron is main source of crude steel mak-
ing, and its production also constantly increases due to the
increase of steel production as shown in Fig. 1 [3]. Mon-
golia has rich resources of iron ore and coal which evenly
distribute throughout the Mongolian territory. Measured
geological reserves contain 1 billion tons of iron ore,
162.3 billion tons of coal, and these would obviously in-
crease in the future. There is a lack of steel production
from iron ore, especially for direct reduction plants for
steel making in Mongolia. According to statistics of the
Mineral Resource Agency of Mongolia, mining products
account for 16 % of gross domestic product (GDP), and
70 % of total industrial product at last three years [4].

According to the statistic of Mongolian Customs Agen-
cy for last 10 years, 4 million tons of iron concentrate are
exported and 140 thousand tons of steel armature for con-

struction are annually imported from foreign various count-
ries (Fig. 2) [5].

Binders are widely used in agglomeration operations,
such as briquetting and making pellets, to assure the de-
sired agglomeration properties with regard to subsequent
handling, transportation and processing [6].

There are two major binder groups of organics and in-
organics. Previously many studies have proved that effect
of MHA binder on mechanical strength of pellets is greater
than of bentonite. And consumption of MHA binder is low-
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Fig. 1. World crude steel (/) and DRI (2) production by years

Puc. 1. MupoBoe nponsBoacTBo HepaduHupoBanHOU ctanu (/)
U JKele3a MpsIMOTo BOCCTaHOBIICHUS (2) 10 rojaM
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Fig. 2. Dynamic statistics of Mongolian customs:
a — exported iron ore; b — imported steel product (armature); / — quantity; 2 — amount

Puc. 2. CrarucTtrika MOHTOJIbCKOM TaMOXKHH:
a — SKCTIOpTUpyeMast JKeJe3Hast pyAa; b — IMIOPTUPYEMBbIi CTaIbHOW MPORYKT (apMmarypa); / — KoIn4ecTBo; 2 — o0I11as CTOMMOCTb

er compared with bentonite [7 — 8]. Lignite and brown coal
with great resources in Mongolia [9] could be used as the
main source of humic substances for the preparation of or-
ganic binder. A type of novel organic binders namely modi-
fied humic acid (MHA) binder, with high binding property
and economic benefits have been developed by Central
South University (CSU) in China [10]. The MHA binder
is comprised of organic (i.e. fulvic acid, humic acid) and
inorganic active fractions [11].

Benefits to using organic binder: Organic binders might
be used for a variety of reasons, but perhaps, the most report-
ed benefit is a reduction in pellet silica content. The tradition-
al binder, bentonite clay, generally increases silica content
in iron ore pellet by 0.5 % depending on bentonite dosage
and composition. Organic binders are combusted during
the roasting process, and may leave virtually no ash residue
among the pellet microstructure of roasted pellet [12]. Ac-

cording to many previous investigations, effect of the most
organic binders leads to the required characteristics of roas-
ted pellets [13].

[ MATERIALS AND METHODS

Materials

The magnetite concentrate is taken from “Tumurtei”
mine in Mongolia. The iron concentrate sample went to size
distribution test presented in Table 1. The iron concentrate
particle size is too coarse, under below 200 mesh part is
28.13 %, thus it needs to be ground. Then chemical compo-
sition of the ground sample was tested by XRF (Table 2).
The concentrate sample contained, (% mass.): 65.85 Ty,
1.70 AL,O,, 3.44 SiO, and 1.55 MgO. Particle size distri-
bution and specific surface area of the sample were sepa-

Table 1
Size distribution of the sample
Tabnuya 1. TpanysiomeTpuYecKHii cocTaB odpasia
Size, mm | +0.100 | —-0.1...+0.074 | —0.074 ... +0.045 | —0.045 ... +0.032 | —0.032
Content, % | 62.56 9.31 15.67 4.52 7.95
Table 2
Chemical composition of the iron ore concentrate
Tabnuya 2. XUMHUYECKHUI COCTAB JKeJIe30PYIHOT0 KOHI[EeHTpaTa
Components | T, FeO | Fe,O, CaO MgO | ALO, | SiO, | TiO, | Mn
Content, % | 65.85| 24.08 | 94.15 0.48 1.56 1.70 | 3.44 | 0.49 | 0.069
Components P S Cu K,0 Na,O - - - -
Content, ppm | 18.69 | 330.04 | 7.57 | 1,529.97 | 137.68 - - - -
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rately tested by water sieving method and air permeability
method (DBT-127 model), the content of the sample below
0.074 mm after grinding was higher than 80 %. The specific
surface area of the sample was 649.53 cm?/g. Texture of the
iron ore concentrates which was measured by Leica optical
microscope and XRD pattern, is shown on Fig. 3, indicat-
ing the main minerals: magnetite, hematite and quartz as-
sociated with each other closely.

The main mineral composition of “Tumurtei” iron ore
concentrate was identified as principally magnetite (Fe,0,)
and hematite (Fe,O,) as shown on Fig. 4.

In this study, 3 different lignites namely A4, B and C —
“Baganuu”, “Khuut” and “Liling” were used. Mongolian
coal 4 and B, and coal C from Liling in Hunan Province,
China were selected. As well-known, lignite contains or-
ganic and inorganic constituents simultaneously [14].
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Fig. 3. XRD pattern of magnetite concentrate

Puc. 3. PGHTFCHOI‘paMMa MarH€TUTOBOI'O KOHIECHTpAaTa

Fig. 4. Single particle microstructure of iron ore concentrate:
1 — magnetite; 2 — hematite; 3 — quartz

Puc. 4. MuUKpoCTpyKTypa 4aCTHIIbI )KEJIC30PYAHOTO KOHLICHTpaTa:
1 — Mar"eTHT; 2 — reMaTuT; 2 — KBapi{

Table 3

Proximate analysis of lignite coal (% mass.)

Tabnuya 3. llpumepHblii anaau3 6yporo yris, % (mo macce)

Coal Proximate analysis
W,% | V,% | Ash,% | FC | Q,kCalkg | TC
A 9.00 | 39.44 | 10.50 | 41.06 6,004 70.5
B 539 | 48.04 | 3.50 | 43.03 5,775 73.1
C | 320 | 34.79 | 22.58 | 39.43 5,236 -

At the beginning, the samples were homogenized and
dried, then crushed to powders with the granularity below
0.074 mm [15]. The proximate analysis of lignite indicates
that these samples consists of 39.44 %. The proximate
analysis of lignite indicates that these samples consists of
39.44, 48.04 and 34.79 % of volatile matter, the ash con-
tents were 10.50, 3.50, 22.58 %, the grade of fixed carbon
41.00, 43.00, 39.43 in coal 4, B and C, respectively, mea-
sured by Sundy SDTGAS5000 analyzer (Table 3).

Methods

Extraction of MHA from lignite.

MHA was extracted from three different lignites (noted
above) under same conditions. Powdered and homoge-
nized brown coal was mixed with distilled water chemical
pure 0.5 M of sodium-hydroxide in a glass flask. Sub-
stances ratio and stirring speed, pH values are obtained
from the studies [16]. MHA solution and sediments were
subjected to drying until full drying at 60 °C in a drying
furnace; then the weight was determined. Finally extrac-
tion yield of MHA was calculated according to the balance
of products. The extraction flow sheet is shown in Fig. 5.

The chemical composition of varies MHA binder were
determined by XRF as presented below:

Lignite NaOH Distilled water
| Stirring |
| Thickening |
MHA solution Sediment
Drying (60 °C) | | Drying (60 °C) |

Fig. 5. Extraction flow of MHA binder from lignite

Puc. 5. Cxema u3Brneuenue cpszyromniero MHA u3 Oyporo yrist
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Coal A B C
Fe,0, 543 492 1280
K,0 0.82 0.55 1.16
Na,0 4895 53.05 8.04
Si0o, 21.17 13.11 4341
ALO, 942 5.66 2522
CaO 224 7.54 1.05
MgO  0.76 1.57 0.69
PO, 0.19 0.17 0.20
SO, 8.53  10.58 -
TiO 0.11 0.26 -

2

Preparation of binder briquettes.

Preparation of the samples for briquetting process was
carried out by mixing a certain amount of magnetite con-
centrate with different stoichiometric amount of MHA
binder ranging from 0.5 up to 1.5 stoichiometric ratios.
Those amounts of binders were extracted from selected lig-
nites under alkaline condition.

The mixture of raw materials and 8 % water were input
in a mold; then placed in small scale hydraulic presser de-
scribed on Fig. 6. Green briquette with a diameter 10 mm

Fig. 6. Schematic layout of hydropresser («) and appearance of green
briquette (b):
1 — sensor pressure; 2 — metal cylinder bottle; 3 — movable plate;
4 — vertical core; 5 — hydraulic pressire; 6 — pressing strength controller

Puc. 6. Cxema runpornpecca (a) 1 BHEIIHUN BUJ 3e1eHoro opuxera (b):
1 — sensor pressure; 2 — metal cylinder bottle; 3 — movable plate;
4 — vertical core; 5 — hydraulic pressire; 6 — pressing strength controller
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and a height ~10 mm was produced under different con-
ditions such as pressure and pressing time to making ob-
served optimal condition. The green briquettes were dried
at 100 °C to obtain dry briquette. Then the produced bri-
quettes were subjected to mechanical tests including drop-
ping damage resistance test and compressive strength test.

Mechanical strength tests.

Ten green briquettes are individually dropped from
a height of 50 cm onto a steel plate until breakage. The
mean value of the tested briquettes gives their average
dropping damage resistance [17].

The compassion strength of green briquettes was de-
termined, at least 10 briquettes sample were compressed
on small size hydraulic press until they break onto elec-
tric balance. The compression strength of roasted-oxidized
ten briquettes was determined by a universal material ex-
perimental machine (RHY-100B, China). The mean value
for the tested briquettes gives their compressive strength.
The observed load corresponds to the compressive strength
measured in MPa for briquette [18].

Reduction, roasting tests and phase characteristic
analysis.

The preheating and roasting tests were observed in
a laboratory scale of horizontal electrically heated tube
furnace with an internal diameter of 50 mm and an exter-
nal diameter of 70 mm, schematically described on Fig. 7.
Ten dry briquettes which contain 0.5 — 1.5 stoichiometric
amount of three different MHA were placed in corundum
crucible, and then pushed into the preheating zone of the
furnace. The preheated sample was slowly and carefully

1 2
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Fig. 7. Schematic layout of laboratory electric furnace:
I — thermocouple; 2 — heating resistor; 3 — sample; 4 — corundum tube;
5 — corundum substrate; 6 — refractory lining; 7 — control panel and
electrical switch; 8 — main core

Puc. 7. Cxema 1ab0paTopHOI ANIEKTPOTIEYH:
1 — Tepmornapa; 2 — HarpeBarelbHbII pe3ucTop; 3 — obpaserr;
4 — xopyHzaoBas TpyOKa; 5 — KOpyH0Bast MOUI0XKKA; 6 — OrHEYIOpHast
(yTepoBka; 7 — MaHeNb YIPABICHUS U JIEKTPUUECKUI BBIKIIIOYATENb;
8 — OCHOBHOI KOpIyC
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pushed to appointed temperature of roasting zone. Finally,
the roasted samples were pulled out and naturally cooled
in room temperature [18]. Heating was carried out at dif-
ferent temperatures ranging from 950 °C up to 1150 °C for
a different time. To heated at different temperatures, tem-
perature ranging from 950 °C up to 1150 °C for a different
time. The gas consumption of CO as reducer was constant
(4L/min) at the reduction tests.

Optical microscope observation.

The microstructures of polished briquettes before and
after reduction were studied using a Leica DMRXE micro-
scope (Germany).

[ RESULTS END DISCUSSION

Effect of binder dosage on properties
of green briquette

The drop damage resistance and compressive strength of
the green briquettes are shown in Fig. (4b), with respect to
the different stoichiometric amounts of MHA binder under
optimized briquetting load of 0.75 ton for fine magnetite
(+80 % of —0.074 mm fraction) concentrate. It was found
that the drop damage resistance and compressive strength

of produced briquettes increased with increasing binder
dosage for every constant load and reached its maximum
value at 1.5 stoichiometric amounts of binder fines for both
concentrate sizes. The compressive strength of “Bg” green
briquettes from fine concentrate with Bg MHA reached
12.32 MPa which is higher than for “Li” MHA of briquetts.
The results of mechanical strengths tests of green briquettes
are presented in Table 4 and Fig. 8.

Parameters of briquetting process were carried out ac-
cording to the no-binder briquetting test 0.75 t-cm™ pres-
sure, 5 seconds pressing time, 8 % of moisture content.

Effect of binder dosage on properties

of roasted briquette

Firstly the roasting of produced briquettes at different
temperatures ranging from 850 °C up to 1100 °C for dif-
ferent time at ambient atmosphere leads to optimized time
and temperature. Optimal conditions of roasting-oxidation
were 10 min and 950 °C. The temperature range is 10 °C
per minute noted other before investigation. CCS of “Kh”
is higher than “Bg” and “Li” briquettes, but FeO content of
“Kh” increased with increasing MHA dosage (Fig. 9). Or-
ganic birders are easily burned out during roasting, leading
to the generation of porosity as shown in Fig. 10. The poro-

Table 4
Effect of various MHA dosage on mechanical strength
Tabnuya 4. Bausinue konnyecrsa MHA Ha MexaHH4ecKyI0 MPOYHOCTH
Green briquette Compressive strength, MPa Dropping number, N
MHA dosage | 0.50 | 0.75 | 1.00 | 1.25 | 1.50 | 0.50 | 0.75 | 1.00 | 1.25 | 1.50
Bg (coal 4) 3.50 | 3.60 | 470 | 499 | 540 | 1.30 | 1.50 | 2.20 | 2.50 | 2.80
Kh (coal B) 6.40 | 8.20 | 10.3 | 12.3212.43| 1.70 | 2.30 | 2.50 | 4.30 | 4.30
Li (coal C) 7.67 | 833 | 9.57 | 9.43 | 9.23 | 1.90 | 2.00 | 2.60 | 2.70 | 3.20
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Fig. 8. Effect of MHA dosage on drop damage (a) and compressive strength (b) of green briquettes:
I —-Li; 2—Kh; 3-Bg

Puc. 8. Biiustnne konnyectBa MHA Ha ycToW4YMBOCTB IpH TaJIcHUH (@) U IPOYHOCTH Ha cxxarue (b) 3e1eHoro Opukera:
1-Li; 2—-Kh; 3-Bg
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37.5 sity [19] is the most important factor to extent of reduction
Fig. 6, 8).
350 L (Fig. 6, 8)
325+ Effect of various MHA on reduced magnetite
S .
E 300 L briquettes
8
S 275Ff The reduction procedure of magnetite briquettes with
" 250 MHA binders extracted from different lignites was made
: in laboratory type electrical furnace in the CO atmosphere
22.5 - (Fig. 3).
20.0 ! ! ! ! ! The reaction of Fe,O, to Fe by CO is:
0.4 0.6 0.8 1.0 1.2 1.4 1.6
Dosage of binder (%) 3FCZO3 +CO= 2FC3O4 + COz,
Fig. 9. Effect of MHA dosage on the porosity of roasted briquettes: Fe304 +CO=3FeO + COz,
[~ Li 2= Kh: 3 ~Bg FeO + CO = Fe + CO,.
Puc. 9. Brnusiane konnuectea MHA Ha moprctocTh 000KKEHHBIX
6pHKETOB: The results are presented on the Fig. 3 in terms of the
I—Li; 2-Kh; 3 - Bg percent reducing extent against temperature due to oxygen
30 8.0
a 7.5 3 b
25 | 2 70
< L 65
& 20 g 6.0
2 £ s5¢ ?
S 15t 1 S s0f i
© S 45f
3 —
10 4.0 |
35 |
0 | | | | | 3.0 | | | | |
0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.4 0.6 0.8 1.0 1.2 1.4 1.6
MHA (%) MHA (%)

Fig. 10. Effect of MHA binder dosage on compressive crushing strength (a) and FeO content (b) at 950 °C for 10 min:
1-Li; 2—Kh; 3—-Bg

Puc. 10. Bnusiaue konnyectsa csizyroiero MHA wHa npounocts npu cxxaruu (a) u conepxkanue FeO (b) npu 950 °C B Teuenue 10 mun:
1 —-Li; 2—Kh; 3—Bg
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Fig. 11. Relation between reduction extent and reduction time under different temperature at °C:
950 (7); 1000 (2); 1050 (3); 1100 (4); 1150 (5)) without binder (a); relation between reduction
extent and different stoichiometric amount of various MHA: Li (6); Kh (7); Bg (8) at 1100 °C, 90 min (b)

Puc. 11. CooTHOIIEHNE MEXTy CTETIEHBIO BOCCTAHOBICHHS U BPEMEHEM BOCCTAHOBICHHS
pu pasHbIX Temneparypax, °C: 950 (7); 1000 (2); 1050 (3); 1100 (4); 1150 (5) (a); cooTHOImICHHE
MEJK/y CTETICHbIO BOCCTAHOBJICHHS M CTEXMOMETPUUECKUM KOJTMYECTBOM pa3ianuHbix MHA:
Li (6); Kh (7); Bg (8) npu 1100 °C, 90 muH (b)
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loss by CO gas which was produced during the reduction.
The reduction degree was calculated by mass loss and FeO
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Fig. 12. XRD patterns of reduced briquettes under different temperature for
30 min (a) and 90 min (b): M — magnetite; H — hematite; / — metallic iron; C — carbon

Puc. 12. PeHtreHorpaMmMbl BOCCTaHOBJICHHBIX OPUKETOB ITPH Pa3IMYHOM TeMIIeparype B TeUCHUE
30 muH (a) u 90 muH (b): M — marnerur; H — remarurt; [ — Metaindeckoe xene30; C — yrieposn
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Fig. 13. Optical micrograph of reduced briquettes:
a, b, ¢, d for 30, 45, 60, 90 min at 1100 °C, e, £, g, & for 90 min at 1000, 1050, 1100, 1050 °C, respectively;
white zone — iron; grey zone — wustite; dark zone — porosity and hole

Puc. 13. MUKPOCTPYKTYypa BOCCTaHOBJIEHHBIX OPUKETOB:
a, b, ¢, d B reuenne 30, 45, 60, 90 mun pu 1100 °C cooTBeTCTBEHHO; e, f, g, i B Tedenue 90 mun npu 1000, 1050, 1100, 1050 °C cooTBeTCTBEHHO;
Oenast 30HA — KeJe30; cepasi 30Ha — BIOCTUT; TEMHAs 30Ha — IIOPUCTOCTh U TYCTOTHI
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BJUAHUE MOAU®UIIUPOBAHHON T'YMHUHOBOM KUCJIOTHI (MHA)
KAK CBA3YIOIMEN TOFABKHW HA OB)KUT BPUKETUPOBAHHOI'O
MOHI'OJIBCKOTI'O KEJIE3OPYJHOI'O KOHIHEHTPATA «TUMURTEI»

basapa Capaamanéaszap, I'van-xysi JIu

IlIkos1a oforameHus MOJe3HBIX HCKOMAEMbIX U OMOUHIKEHEPHH,
Hentpanabusbiii FOxkubIii yHuBepeurter (410083, Kuraif, Yanmra,
XyHaHb)

Annomayusn. CylmecTByIOT IBe OCHOBHBIC TPYIIITBI CBSI3YIOIIMX J00ABOK:

OpraHMYEeCKHe U HEOPTaHWYECKHe I arIOMEPalOHHOTO Hpolecca
U CIIEKaIolIue Ul MPOM3BOJCTBA cTanu. B nanHo# padoTe uzydeHo
BIIMSTHHE KOMITO3HIIHOHHOTO CBSI3YIOIETO Ha 00XKUT MOHTOJIBCKUX OpH-
KETOB M3 JKeJe30pyaHoro koHuenTpara « Tumurtei» B armocdepe Bo3-
JIyXa C IIeIbI0 BBIABICHHS ONTHMAIBHBIX IAPAMETPOB MX MOBEICHUS
pH 00XKHIe ¢ TpeMs pasiIMuHbIMU cBsi3ytonmmMu MHA st ipsimoro
BOCCTAHOBICHHUA. JINTHUT COOEPKUT OpPraHMYECKHE W HEOpTraHHYe-
CKHE BEIIeCTBA M, CONIACHO MHOTUM IIPEIIECTBYIOIUM HCCIIeI0Ba-
HHSAM, OH MOXKET OBITh CHIPhEM [UIS U3BJICUCHHS KOMIO3UIHOHHOTO
cBs3ytomiero. IIpeccoBaHHBIH JKeNe3HbIH KOHLEHTPAT CO CBA3YIOLINM
MHA nozsepranu npoueccy OKHCICHHS H BOCCTAHOBIICHHS B 3JICKTPO-
neud. ONTUMaNbHbIE YCIOBUS SKCHEPUMEHTOB ObLIM CIEYIOLIMMH.
[MapameTps! mporecca OPUKETUPOBAHHS BHIIIOTHEHB! B COOTBETCTBUU

C MCIIBITAHMEM Ha C)KaTue 0e3 CBA3YIOIIEro npu gasaenuu 0,75 T-cm 2,
BPEMEHH TIPECCOBAaHMA 5 C, CoJepKaHUU Biaru 8 %, OKUCICHHU TPH
950 °C B motoke Bo3ayxa B TeueHne 10 MHH ¥ BOCCTAHOBICHHUHU MPU
1100 °C B armocepe CO. B pesynsrare cBszyromee MHA, n3Bneden-
HOe u3 JIMrHuTa «Baganuury, MOBIUAIO HA CTENEHb BOCCTAHOBICHUS
CHJIbHEE, UeM JIBa JPYTUX CBA3YIOLIMX B 3TOM HccienoBaHuu. Obmee
cofieprKaHue Kene3a B BOCCTAHOBICHHOM NpoayKTe 1octurio 98,33 %
¢ 1 % MHA, u3Bneuennoro u3 auranra «Baganuur». Crerens Boccra-
HOBJICHHUSI BBIPAXKEHA MOTEPeil KUCIOpoza.

Knrouesvte cnosa: maruerr, csizyromee MHA, BoccraHoBieHuE, OpHKeET.
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