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ABSTRACT

The moisture content of iron ore must be suitable for safe handling and transporting opera-
tions. Here, the characterization and drying kinetics of iron ore concentrates were presented
and recommendations for the design of dryers were discussed. Pellet feed and sinter feed
showed a high amount of fine particles (8–20% dp<10mm) and a low pore volume
(Vpore<10mm). An ample period for drying at constant rate was observed (critical moisture
around 5%), indicating that drying processes aiming at a moderate moisture reduction
could be performed within this period. These findings contribute to the design of dryers
and support economic operations.
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Introduction

Iron ore is the primary source of metallic iron for

industries and is mostly used in the production of

steel. The mining of iron ore generally involves the

exploitation, grinding, and beneficiation of the mater-

ial, and then dumping of waste. The final concentrate

is usually presented in three main products, depend-

ing on the size distribution: coarse (lump ore),

medium (sinter feed), and fine (pellet feed).

According to the United States Geological Survey

(USGS, 2019),[1] the global prices of iron ore products

have recently trended down, which is especially con-

cerning because the mining and transport sectors

require high investments in equipment and infrastruc-

ture such as heavy machinery, off-road trucks, rail-

roads, and bulk carrier ships. In these circumstances,

the competitiveness of mining companies is strongly

linked to the production costs and the quality of the

commodity. For these reasons, it is fundamental to

study and develop mining technologies aiming at cost

reduction along the iron ore production chain, ensur-

ing sustainability and viability in long-term operation.

The moisture content has several consequences in

the iron ore production chain. The amount of mois-

ture present in the material can vary according to the

natural state of the ore at the exploitation stage, cli-

matic conditions or other environmental aspects, and

according to the processing route, e.g., wet processing,

natural moisture or dry processing. A high moisture

level can be particularly useful to minimize the gener-

ation of dust (specially for fine particles) and conse-

quent loss of product during railroad transportation

from the mining sites to ports. However, at the port

terminals, the moisture level of the material must

meet the regulatory limit for transporting bulk solids

in ships in order to ensure safe handling operations.

This parameter is known as the Transportable

Moisture Limit (TML).[2,3] When the moisture grade

of the iron ore is above the identified limit of TML,

loading operation must be interrupted, which causes

delays and large financial losses. Furthermore, a high

level of moisture in the iron ore increases the ship-

ping cost, due to the null cargo weight of water,[4]

while decreasing the trading value.

Another issue concerning the moisture content of

the iron ore can be found in the pelletizing operation.

In the pelletizing plants, the fine portion of iron ore

(pellet feed) is mixed with binder agents and then

rolled in disks or drums to produce balls of iron oxide

(green pellets). These balls are dried and fired before

sending them to direct reduction. The quality of the

pellets is highly dependent on the moisture content

and the size distribution of the fine ores in the feed,

as well as on the chemical composition and amount
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of binder agents.[5] In order to assist the formation of

quality green pellets, it can be necessary to dewater

the pellet feed to a moisture content of about 8.5 to

10% before pelletizing, with the value varying accord-

ing to the type and particle size distribution of the

ore.[5] High moisture levels in the pellet feed are det-

rimental to the green pellet production chain, causing

considerable losses of production and energy effi-

ciency, especially for subsequent reduction operations

in blast furnaces.

Although some studies have reported the drying of

green pellets,[6–14] little is known on the drying of

iron ore pellet feed or sinter feed concentrates. Studies

concerning the dewatering of these materials are of

major interest because the mining industry has been

facing new scenarios. In a context of lower grade ores

and deeper mines, there is a concern of reducing the

tailings either by reprocessing or dewatering, aiming

at long term sustainability and economic viability. In

the wet iron ore processing, the concentrate leaves the

process as a pulp with high moisture content.[15]

Reports regarding conventional iron ore dewatering

techniques[16] showed improvements in dewatering

using new filtering technologies, filtration aids,[17] and

surfactants in paste thickeners.[18] However, the final

moisture grades achieved by filters and paste thick-

eners are still high considering handling or transport-

ing the tailings and the final products. Namkung and

Cho[19] reported the drying and hydrodynamic char-

acteristics of iron ore with particle diameters ranging

from 0.5 to 2.0mm, which was dried in a vertical

pneumatic conveying drier. Ghoshdastidar et al[20]

developed a model based on heat transfer for the

design of a rotary kiln heater and dryer[21] for iron

ore with an initial moisture content of 19%. Gas tem-

perature was of 1065 �C at the inlet and about 120 �C

at the outlet for a dry solids flow rate of around 4 t/h.

The model predicted the length of the kiln and the

axial solid and gas temperatures with reasonably good

accuracy. Hence, there are very few studies that have

investigated the drying or dewatering of iron ore

concentrates.

The development of more efficient dewatering and

drying systems is in accordance with the requirements

of the mining sector, for industrial and commercial

purposes. The thermal removal of water during min-

eral processing is an inevitable future trend in this

area, so there is a need to focus on energy efficiency

and selection of the most cost-effective systems.[4,16]

The desired moisture grade of iron ore concentrates is

a sensitive parameter, since low moisture values can

lead to dust generation and, on the other hand, the

excess of moisture can affect pile stability and cargo

loading. For these reasons, a moderate moisture

reduction achieved by drying operations is of para-

mount interest. Despite the importance of this topic,

the relation between the characteristics of the iron ore

and its drying mechanism remains poorly understood.

Furthermore, knowledge about how much water could

be removed during the constant drying rate period

could contribute to cost savings, because operations

within this period are more energy efficient, consider-

ing the amount of energy spent per mass of

water removed.

Given these issues, the aim of the present work was

to characterize the granular structure and the physical

and chemical properties of iron ore pellet feed and

sinter feed concentrates, as well as discuss the drying

kinetics of these materials. For that purpose, analyses

of the chemical composition, particle size distribution,

superficial area, pore structure and image analyses of

the ore samples were performed. The results were

related to drying kinetics data of both materials when

submitted to a convective drying process and some

recommendations for the design of dryers

were presented.

Material and methods

Pellet feed and sinter feed

Instituto Tecnol�ogico Vale (ITV) provided dry sam-

ples of iron ore pellet feed and sinter feed from

Caraj�as-Brazil. These samples represent the final con-

centrate collected after the sieving step. The physical

properties and chemical analyses (Malvern Panalytical,

Zetium) of the materials are presented in Table 1.

Characterization techniques

Particle size distribution

The size distribution of the sinter feed was measured

by dry screening using a sieve series from 5560 to

500 lm. The sinter feed particles smaller than 500lm,

as well as the pellet feed particles, were sized using a

Table 1. Properties of the materials.

Material Pellet feed Sinter feed

Real density (g/cm3) 4.88 4.92
Apparent density (g/cm3) 4.09 4.30
Composition
Fe (%) 64.00 66.30
SiO2 (%) 2.77 0.80
Al2O3 (%) 1.66 0.85
P (%) 0.05 0.06
Mn (%) 0.28 0.08
LOI (%) 2.98 2.90
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Malvern Mastersizer Microplus instrument, with a

minimum particle size of 0.05 lm.[22]

Surface area and pore diameter

The specific surface areas of the pellet feed and sinter

feed were determined by N2 adsorption-desorption,

according to the BET method, using an ASAP 2010

analyzer (Micromeritics). All the samples were dried

prior to the analysis. For the BET procedure, the sin-

ter feed sample was sieved to two particle sizes, due

to its heterogeneity: Sinter 1 (medium, dp <1.4mm)

and Sinter 2 (fine, dp <0.25mm).

Pore sizes in the micrometer range were investi-

gated by mercury porosimetry, using a PoreSizer 9320

instrument (Micromeritics). The pressure varied from

0.59 psia (0.0041MPa) to 29,472 psia (203.20MPa) for

the mercury intrusion curve and from 27,470 psia

(189.40MPa) to 30 psia (0.21MPa) for the extrusion,

with a standard equilibration time of 10 s. The contact

angle used for mercury-iron ore-air was 140�.[23,24]

The specific areas of the dry materials were calculated

according to the descriptions of Rootare

and Prenzlow.[25]

Scanning electron microscopy

The morphologies of the materials were investigated

by scanning electron microscopy (SEM), using a

Philips XL-30 FEG microscope with a 15 kV electron

beam at a working distance of 10.1mm. The samples

did not require coating and were randomly collected

and dispersed on carbon tape before the analysis.

Experimental procedures

In order to humidify the ore, 200 g portions of the

dry ore, together with the desired amounts of water,

were placed in sealed polyethylene packages and kept

at room temperature for 24 h.

The drying process was carried out in a forced air

convection oven with air renewal system (TE-394/1,

Tecnal). The air flowed parallel to the sample at a vel-

ocity of approximately 1m/s. Assays were carried out

at constant temperatures of 50, 60, 70, and 80 �C, in

order to evaluate the effect of this variable on the

drying kinetics of the iron ore pellet feed and sinter

feed. Initial nominal moisture contents of 186 0.3%

and 116 0.6% (wet basis) were used for the pellet

feed and the sinter feed, respectively. The drying

experiments were performed in triplicate, maintaining

constant conditions of airflow and temperature. The

process was monitored using a gravimetric method to

calculate the sample moisture content according to

drying time. At the end of the drying period, the sam-

ples were placed in an oven at 105 �C for 24 h, in

order to determine the mass of bone dry ore.

The kinetics of the process was described using the

dimensionless moisture content, calculated by:

X� tð Þ ¼
Xt � Xeq

Xi � Xeq
(1)

Considering a dry basis, Xt is the mean moisture at

time t, Xi is the initial moisture, and Xeq is the mois-

ture at dynamic equilibrium.

The experimental results of the dimensionless

moisture with drying time were fitted to mathematical

models that have been widely used in the literature to

describe the kinetics of a drying process (Table 2).

The coefficient of determination (R2), reduced chi-

square (v2), and root mean square error (RMSE) were

calculated to evaluate the fitting of a model to the

experimental data. High values of R2 and lower values

of v
2 and RMSE suggest a model with a good fit to

the data. These parameters were calculated by:

v
2 ¼

PN
i¼1

X�
exp , i � X�

pre, i

� �2

N � p
(2)

RMSE ¼

PN
i¼1

X�
exp , i � X�

pre, i

� �2

N

" #1
2

(3)

where X�
exp , i and X�

pre, i are the experimental and

predicted dimensionless moisture contents, respect-

ively, N is the number of observations and p is the

number of constants.

Fixed bed drying

In order to analyze the drying process under condi-

tions closer to those of an industrial process, analysis

with a fixed bed equipment were performed. Figure 1

schematically shows the experimental unit, consisting

of a blower that provided air at 400 �C and 5.0m/s to

the drying chamber, which was detachable from the

rig base and made of a cylindrical tube measuring

5 cm in diameter and 1 cm in height. The upstream of

the drying chamber consisted of insulated carbon

steel tubes.

Table 2. Mathematical models used to fit the experimental
data of dimensionless moisture with drying time.

Model name Model equation

Page[26] X� ¼ exp �ktnð Þ
Newton X� ¼ exp �ktð Þ
Logarithmic[27] X� ¼ a exp �ktð Þ þ b
Modified Page[23] X� ¼ exp �ðktÞn

� �

Midilli[28] X� ¼ a exp �ktnð Þ þ bt
Simplified Midilli X� ¼ a exp ð � ktnÞ
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The drying chamber was filled with the iron ore

concentrates at nominal moisture of 13% and 10% for

the pellet feed and for the sinter feed, respectively.

These moisture contents were chosen based on oper-

ational conditions in the mining industry and to pro-

vide agglomerates suitable for the percolation of air. It

must be highlighted that the moisture values used for

the oven experiments (18% and 13% for pellet feed

and sinter feed, respectively) are moisture levels in

which two distinct phases are clearly noted, solid and

liquid, e.g., a moisture grade set two percentage points

higher than its saturation at 1m effective head, for

which free water is visually identified.

For each measurement, the drying chamber was

detached from the rig base, then the material was

quickly loaded to a glass crucible, capped to prevent

moisture loss, and weighted. The moisture content

was measured by the gravimetric method and the pro-

cedure was repeated for different drying times (2, 5,

10, 15, 30 and 60 s) to provide the behavior of the

moisture content throughout drying. A confidence

interval of 90% based on Student’s t-distribution was

used to define the uncertainty range of the results.

Results and discussion

Iron ore characterization

Size distribution

The particle size distributions of the pellet feed and

sinter feed are shown in Figure 2 and Figure 3,

respectively. Both materials presented a large quantity

of ultrafine particles (dp < 26 mm). About 20% of the

pellet feed particles were inhalable (PM10), while 10%

were in the PM2.5 range. In comparison, the sinter

feed presented a smaller quantity of fines, with about

Figure 2. Cumulative particle size distribution (g) of the pel-
let feed.

Figure 1. Experimental apparatus for drying iron ore concen-
trates at an air temperature of 400 �C.

Figure 3. Cumulative particle size distribution (g) of the sinter feed: (a) Particles with dp <500lm analyzed using the Malvern
Mastersizer Microplus instrument; (b) Particles screened using a sieve series.
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8% of PM10 and 6% of PM2.5. The results showed that

the sinter feed was a mixture with about 50% of the

total mass within the same size range as the pellet

feed (dp �500 lm), together with iron ore particles of

larger sizes. The finer particles within the sinter feed

are due to the natural generation of fines during the

comminution stages. The results of this analysis sug-

gested that during screening of the crude ore in the

beneficiation process, many fines aggregated or

became adhered to the larger particles, so they were

not separated and remained within the sinter feed size

range. The high quantities of fine particles in the

compositions of the materials indicated that a large

portion of the solids could be entrained into air cur-

rents if the ore with low moisture content was

exposed to convection.

BET surface area

The measured surface areas of the pellet feed, medium

sinter feed, and fine sinter feed were 3.886 0.03,

2.426 0.03, and 8.336 0.08 m2/g, respectively. In BET

analyses, the nitrogen adsorption technique is quanti-

tatively limited to surface areas that are less than a

few tens of square meters per gram.[29] In the current

case, it could be inferred that all the materials had

very low surface areas, with no substantial differences

among them in terms of this property. Due to the het-

erogeneity in the particle diameters of the samples,

together with the low surface areas, no conclusions

about the shape of the pores could be obtained from

the BET analyses. Furthermore, the results suggested

that the observed surface areas were mainly due to

particle packing (interstitial area), indicating low

amounts of internal pores. According to Meyer,[5] the

specific surface area depends almost exclusively on the

proportions of the different sized particles, which

could explain the observed results.

Mercury intrusion porosimetry

Mercury porosimetry analyses provided additional

information about the pore constitution of the specific

ores. The curves in Figure 4 show multimodal behav-

ior for both materials, probably reflecting the contri-

butions of the internal porous structure and the pores

associated with compacted particles or agglomer-

ates.[30] For the pellet feed, most of the pore volume

(about 2/3) corresponded to pore diameters smaller

than 8.7lm, since the first abrupt change in the

porosimetry curve occurred at this diameter. For the

sinter feed, the results also indicated that larger pores

were formed by the compaction of particles with sizes

up to 10.0 lm, since some of this material was also in

the form of a fine powder, with composition similar

to that of the pellet feed. Furthermore, most of the

pore volume (approximately 60%) corresponded to

pore diameters greater than 10.0 lm.

The multimodal behavior observed in the porosim-

etry was characteristic of solid materials that agglom-

erated and consequently formed porous structures

between the primary particles and the other ones

around them.[30] In this case, the larger pores repre-

sented the interstices among the primary particles in

the sample. It is noteworthy that agglomeration and

compaction of the material was perceptible during

handling and could be attributed to the relatively

small sizes of the particles composing the powder.[30]

The pellet feed was a powder with dp <500 lm, which

was also the case for a large volume fraction (around

50%) of the sinter feed.

The calculated specific surface areas of the pellet

feed and the sinter feed were 3.1 and 1.2m2/g,

respectively. The presence of compact solid materials

with larger diameters and plate-like shapes in the sin-

ter feed could help to explain the smaller area for this

material. Rootare and Prenzlow[25] also observed low

surface areas for iron oxide materials, with values of

14.3 and 13.3m2/g obtained using the mercury intru-

sion porosimetry and BET techniques, respectively.

Porosity ratios and surface areas are key character-

istics for analyzing and elucidating the mechanisms of

drying systems. In the present case, the results sug-

gested an extended period of drying at a constant

rate. The BET area measurements and the mercury

porosimetry data were in agreement with the iron ore

measurements reported by Pena et al.[31]

Figure 4. Results of mercury porosimetry analyses: cumulative
volumes of mercury for the sinter feed and pellet
feed samples.
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Particle morphology

Results from SEM indicated different arrays of Fe-

bearing particles before and after drying. In the for-

mer case, the coarser particles formed discrete aggre-

gates with finer particles (Figure 5a). The uneven and

sharp cornered shape of iron ore pellet feed particles

was also observed by Abazarpoor et al.[32] during

SEM analysis. Hematite particles in pellet feed yielded

by Vale S.A. exhibited a sphericity factor (W) ranging

from W¼ 0.2 (plate shaped) to W¼ 0.5 (roughly

rounded tabular habit),[33] corroborating the SEM

observations.

Figure 5(b) shows a pellet feed sample dried in the

oven, which was previously humidified to a nominal

moisture of 18%. The particles formed a continuous

matrix permeated by voids. The SEM images show

further evidence of what was discussed in the mercury

porosimetry curves for pellet feed particles, i.e., Figure

5(b) on the right presents the attached fine particles

and their interstices where pores with diameter less

than 8.7 lm can be shown. The block of attached par-

ticles also contained some larger craters and cavities,

which were possibly formed during drying, constitut-

ing the capillaries through which the water was trans-

ported from the interior to the exterior of the sample.

Structural differences between the pellet feed particles

were related to the size, shape, porosity, and pore

structure of the particle agglomerates, which directly

affect drying at moisture contents below the crit-

ical value.

Drying curves

Figure 6 shows images of the humidified materials at

different moisture contents (wet basis). The pellet feed

presented clear differences of consistency and cohe-

sion, depending on the moisture values. At a nominal

moisture content of 13%, the particles agglomerated

and formed small blocks, while increase of the mois-

ture to 18% led to high cohesion and formation of a

uniform material, with behavior similar to that of a

paste or sludge. In the case of the sinter feed, the

smaller particles agglomerated at a moisture content

of 11%, while at higher moisture contents, the

Figure 5. SEM images showing iron ore pellet feed: (a) Individual particle; (b) Agglomeration of particles formed after drying in
the oven.
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material became soggy and no variation of structure

could be observed visually. This behavior could be

related to the saturation water content. This test

applies a 1m effective head pressure on the material.

The magnitude of the saturation moisture for pellet

feed and sinter feed were 16% and 11% respectively.

It should be highlighted that for both iron ores, the

agglomerations remained after oven-drying for 24 h at

105 �C, after which a single block of hard dried mater-

ial was formed. These findings showed that the struc-

tures of both the pellet feed and the sinter feed

depended on the initial moisture content, which

affected the surface area exposed to the drying air and

the tendency to agglomerate.

Figure 7 shows the drying kinetics of the pellet

feed and sinter feed for four different drying tempera-

tures. The effect of temperature on drying depended

on the material. For the pellet feed, a typical behavior

of decreasing drying time with increasing temperature

was observed, although little difference was observed

between the dimensionless moisture curves for the

two highest temperatures (70 and 80 �C). The drying

rate curves indicated a clear increase of the drying

rate with air temperature.

The sinter feed presented a typical behavior for the

dimensionless moisture, with an increase in air tem-

perature decreasing the drying time. However, the

data had a higher standard deviation, compared to the

dimensionless moisture curves for the pellet feed.

Since the sinter feed particles presented a greater

range of sizes, the surface area of each sample exposed

to the drying air could present a greater variation,

which in turn increased the deviation of the

measurements.

As shown in Figure 7, prolonged constant drying

rate periods were observed for both materials, at all

temperatures, indicating that external resistance to

the transport of moisture was the phenomenon that

controlled the drying during most of the process.

This corroborated the analyses of area and pore

structure by BET and mercury porosimetry, which

showed that these materials had very small pores

where little moisture was retained. The periods dur-

ing which the drying rate decreased were possibly

due to the presence of high amounts of fine par-

ticles in the compositions of the two materials, with

water being retained in the interstices of the solids

and having to be transported to the surfaces, charac-

teristic of capillary action in a non-hygroscopic por-

ous medium. Accordingly, the materials did not

show high intra-particulate porosity, indicating that

the pores were formed by aggregates or clusters of

compact particles (denominations according to

Rouquerol et al.[34]).

Figure 6. Images of the materials for different moisture contents and drying conditions (wet basis). Pellet feed: (a) dry (0.24%); (b)
nominal moisture of 13%; (c) nominal moisture of 18%; (d) dried in the oven. Sinter feed: e) dry (0.24%); (f) nominal moisture of
13%; (g) nominal moisture of 11%; (g) dried in the oven.
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The behavior observed in the drying curves can be

related to the pore size distribution measured in mer-

cury porosimetry. The mercury porosimetry showed a

multi-modal behavior, in which most of the pore vol-

ume for pellet feed corresponded to pore diameters

less than 8.7 lm, therefore the drying behavior

observed could be related to the ample size distribu-

tion of these micro-pores,[35] together with the big

pores that formed craters between the “connected”

particles, as was shown in Figure 5. As for the sinter

feed, most of its pore volume (60%) corresponded to

pore diameters greater than 10lm (macro-pores),

which favors drying. A small ratio of the pore diam-

eter to the thickness of the viscous boundary layer[36]

and evenly distributed pores are other factors that

possibly contributed to maintain the product surface

sufficiently wet by capillary suction, thus resulting in

the ample constant rate period observed.[37]

The average drying rate values at the constant rate

period are presented in Table 3. An expected increase

of the drying rate with the temperature was observed

for both the materials. This behavior for the iron ore

Figure 7. Drying kinetics: dimensionless moisture, as a function of drying time, for (a) the pellet feed and (b) the sinter feed; dry-
ing rate (wet basis) for (c) the pellet feed and (d) the sinter feed. Each symbol on the drying rate data corresponds to a different
replica at a given temperature.

Table 3. Average values of the drying rate (wet basis) calcu-
lated at the constant rate period.

Drying rate
[kg_water.(kg_solid.min)-1

Temperature
(�C) Pellet feed Sinter feed

50 0.0023 0.0019
60 0.0031 0.0023
70 0.0043 0.0026
80 0.0050 0.0032

8 T. C. SOUZAPINTO ET AL.



is in accordance with “Type A” materials described by

Kemp and Oakley,[38] which drying rates are acceler-

ated by higher gas temperatures.

Considering the transition between the constant

rate and the decreasing rate periods in the drying rate

data, the tests at all temperatures indicated critical

moisture contents around 5% for the pellet feed and

the sinter feed for the analyzed conditions. Given a

TML value of 9.05% for iron ore materials, the results

indicated that the operation of equipment designed to

dry pellet feed or sinter feed could be within the con-

stant drying rate period. This finding is particularly

important for drying procedures in mining operations,

considering the cost implications and the amount of

energy required to reduce the moisture content of

the product.

Regarding the modeling of the drying curves, Page,

Modified Page, Midilli and Simplified Midilli models

resulted in R2 values greater than 0.99 for all tempera-

tures and materials evaluated (Supplementary Table

S1). Comparing the values of R2, v2 and RMSE for all

models, the Midilli model presented the best fit to

experimental data and its parameters are shown in

Supplementary Table 2. The parameter b had values

very close to zero for all evaluated conditions, there-

fore the Simplified Midilli model was proposed, which

maintained the original expression from the Midilli

model, suppressing the second term on the right side.

Although the Midilli model showed values of R2, v2

and RMSE that indicated a better goodness of fit

when compared to the Simplified Midilli model, the

simplified equation presented an overall suitable fit of

the experimental data using fewer constants. For this

reason, the Simplified Midilli model was selected as

the most adequate for describing the drying kinetics

of iron ore pellet feed and sinter feed for the pre-

sent study.

Outlook: Drying under industrial conditions

In the mining industry, drying temperatures up to

1000 �C are commonly used for drying ore concen-

trates in order to obtain high efficiency in large scale

operations.[4] Contrary to what would happen to

grains, seeds or fruits, for example, temperatures at

this magnitude do not affect the quality of iron ore

concentrates. For these reasons, an experiment with a

drying temperature closer to the ones used in indus-

trial operations (400 �C) was carried out.

Some differences between the physical phenomena

of moisture removal when high or low temperatures

are used in ore drying operations are worth emphasiz-

ing. Minerals are classified as nonhygroscopic capillary

porous media, in which all the moisture content is

unbound moisture. This kind of moisture can be

removed either by evaporation or vaporization. At low

temperatures, the wet solid is at a temperature below

the boiling point of the liquid and moisture is trans-

ported within the product mainly by liquid diffusion.

The saturation vapor pressure of the moisture on the

solid is less than the atmospheric pressure and mois-

ture is removed by vaporization. When drying at high

temperatures, the vapor pressure of the moisture on

the solid surface can be equal to the atmospheric pres-

sure, therefore evaporation occurs. Furthermore, the

temperature of the moisture within the solid can be

raised to the boiling point and liquid vaporizes within

the product, resulting in the transport of moisture by

vapor diffusion.[39] In the case of high temperatures

drying, the mass loss of the product can be attributed

to the liberation of species other than water, e.g., car-

bon dioxide.

The drying kinetics of pellet feed and sinter feed at

an air velocity of 5m/s are presented in Figure 8.

Although the nominal moisture of pellet feed was

higher, both the materials reached approximately the

same moisture level after a drying time of 30 s. Figure

8 indicates that drying rate of pellet feed was higher

than that of the sinter feed in the beginning of the

experiment (until around 5% of moisture content is

reached). This was probably because at the nominal

moisture of 13% the pellet feed formed several particle

agglomerates, which increased the area of contact of

the sample with the drying air.

Figure 8. Drying curves for pellet feed and sinter feed in a
fixed bed operating with a drying air temperature of 400 �C
and an air velocity of 5m/s. Error bars indicate a 90% confi-
dence interval based on Student’s t-distribution.
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Analyzing the drying process of Figure 8 at two

stages of time, it was observed that for the first 30 s

the moisture content of the pellet feed decreased

about 8.0 percentage points; while the moisture of the

sinter feed decreased about 5.3. On the other hand,

for the last 30 s, the moisture content of the materials

was lower than 5% and the contribution of internal

resistances to mass transportation was more pro-

nounced. Consequently, the removal of moisture was

less than half of what was observed in the first time

interval, showing a decrease of 2.5 percentage points

for the pellet feed; while the sinter feed moisture

decreased 2.1 percentage points. Summarizing, the

equipment worked for the same time (30 s), but the

removal of moisture was about 60-70% lower when

the operation comprised the falling rate period.

Drying operations in mining industries have an espe-

cially high demand of energy due to the large-scale oper-

ations, as well as the high temperatures and velocities

required for the drying air. Since a moderate removal of

moisture from the iron ore is desired in order to prevent

dusting problems,[4] these results indicated that working

within the constant drying rate could result in substan-

tially more cost-effective operations.

Observations for the design of convective dryers

Considering the characteristics of the material and the

results of the drying tests discussed in this study, spe-

cial attention should be given to three main factors

when designing a drier for iron ore pellet feed and

sinter feed: particle size distribution, solids agglomer-

ation, and critical moisture content. Since many par-

ticles are in the PM10 and even PM2.5 ranges, large

amounts of solids may be entrained into the air flow

and subsequently have to be collected or recovered at

the air outlet. In addition, the drying may be influ-

enced by the presence of agglomerates, due to the for-

mation of interstitial pores. Large clusters can lead to

increased critical humidity and energy consumption,

unless they are disrupted by mechanical agitation or

by the drying air. Therefore, it is necessary to consider

the way that the material is fed, in order to maximize

the surface area that comes into contact with the dry-

ing air. For example, shaft dryers are convective dry-

ers in which the solids are “showered” through a

current of the drying medium, with their flow being

retarded using baffles or sieves, where necessary.[4]

Furthermore, the critical moisture values observed in

this study indicated that most of the drying time was

during the constant drying period, offering opportuni-

ties for energy and cost savings.

Conclusions

Particle characterizations showed that the iron ore

concentrates had a large amount of fine particles in

the range of 8-20% with dp < 10 lm. BET and mer-

cury intrusion porosimetry indicated a low surface

area and volume of pores for the pellet feed and the

sinter feed particles. Considering the experiments in

the oven, these results supported the ample constant

drying rate period observed for both materials, with

critical moisture contents around 5% for the analyzed

conditions. Therefore, during most of the process, the

phenomenon that controlled the drying was the exter-

nal resistance to the transport of moisture. The sim-

plified Midilli model was found to be the most

suitable to describe the drying kinetics of the iron ore

concentrates.

The drying experiments in the fixed bed with air

temperature of 400 �C showed that the removal of

moisture was about 60-70% lower when the operation

comprised the falling rate period. Assuming that a

moderate removal of moisture is desired for the iron

ore concentrates, this result indicates that drying oper-

ations within the constant rate period could imply

substantial energy and cost savings.

The findings highlighted that the compositions of

the ore materials included high amounts of solid

fines that could form agglomerates, depending on

the moisture content. Therefore, in considering the

operation of a convective dryer, special attention

should be given to particle feeding and collection.

Furthermore, these physical characteristics may affect

the removal of moisture and operational parameters

such as energy consumption and the solids residence

time in the dryer. Investigations in this area could

help in the design of drying equipment adapted to

the features of iron ore pellet feed and sinter feed,

improving the energy efficiency of the process and

reducing costs.

Notation

dp Particle diameter [m]
t Time [s]
Vpore Pore volume [m3]
X� Dimensionless moisture [-]
Xeq Moisture at dynamic equilibrium [kg.kg�1]
Xt Mean moisture at time t [s]

Greek Symbols

g Cumulative particle size distribution [-]
Dg Retained mass fraction [-]
v
2 Reduced chi-square [-]

W Sphericity [-]
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RMSE Root Mean Square Error
TML Transportable Moisture Limit
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