friried applied
o sciences

Article

Iron Removal from Low-Grade Pyrophyllite Ore by Microwave
Irradiation and Dry Magnetic Separation

Hussin A. M. Ahmed *(0, Nesren Khairy 2

check for
updates

Citation: Ahmed, H.A.M.; Khairy, N.;
Ali, M.A. ITron Removal from
Low-Grade Pyrophyllite Ore by
Microwave Irradiation and Dry
Magnetic Separation. Appl. Sci. 2024,
14, 6651. https://doi.org/10.3390/
app14156651

Academic Editor: Tiago Miranda

Received: 17 June 2024
Revised: 17 July 2024

Accepted: 24 July 2024
Published: 30 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Maaz A. Alj 34+

Mining Engineering Department, King Abdulaziz University, Jeddah P.O. Box 80204, Saudi Arabia
Environmental Studies Department, National Authority of Remote Sensing and Space Sciences,
El-Nozha El-Gedida, Cairo P.O. Box 1564, Egypt; nesrenkhairy@yahoo.com

3 Saudi Mining Polytechnic, Arar P.O. Box 215, Saudi Arabia

Geological Research Authority of Sudan, Ministry of Minerals, Khartoum P.O. Box 410, Sudan

*  Correspondence: haahmed@kau.edu.sa (H.A.M.A.); mnoureldaimali@stu.kau.edu.sa (M.A.A.);
Tel.: +966-5570-92209 (H.A.M.A.); +974-7139-3081 (M.A.A.)

Abstract: Owing to its unique properties, pyrophyllite is an economical alternative to many minerals
in different applications. The presence of iron-bearing minerals in Saudi pyrophyllite hampers its
industrial uses. The aim of this study was to examine the removal of iron from Saudi low-grade
pyrophyllite ore using two approaches. The first approach involves dry high-intensity magnetic
separation, whereas the second approach involves microwave pretreatment of the ore before dry
magnetic separation. For the first approach, the studied operating parameters were roll speed; feed
rate, field intensity, and feed particle size. For the alternative approach, microwave treatment followed
by dry magnetic separation, the microwave irradiation time and the magnetic field intensity were
studied. The results show that the combined microwave treatment and dry separation method could
provide high-purity pyrophyllite for filler industries. Microwave irradiation for 30 min was optimal
to change impurity phases (i.e., pyrite, hematite) into ferromagnetic phases in microwave-treated
pyrophyllite samples. At a magnetic field intensity of 2000 Gauss, the 30 min microwave-irradiated
pyrophyllite sample achieved an iron recovery of 11.2% in non-magnetic fractions, with a removal
efficiency of 89% with an alumina recovery of 91.31%.

Keywords: pyrophyllite; physical; magnetic separation; high intensity; microwave; irradiation

1. Introduction

Pyrophyllite (Al;Si4O019(OH),) is a naturally existing hydrated silicate mineral with
a high content of Al,Os3. It is commonly associated with impurities such as rutile, quartz,
mica, kaolin, epidote, talc, feldspar, muscovite, and siderite [1-4]. It is recognized as a
multipurpose mineral owing to its unique chemical, physical, and thermal properties.
It can be used in various sectors, including electronics, optical fibers, refractories, card-
board, rubber, plastics, and cosmetics [5-8]. It can also be utilized in the refractory and
ceramic industries for its low thermal conductivity, high specific heat, low coefficient of
expansion, and low deformation under hot loads [7,8], while also serving as multipurpose
filler in industries such as paint, plastic, paper, pesticides, and pharmaceuticals. Its appli-
cations aim to reduce costs while enhancing the properties of the final product, such as
hydrophobicity, chemical inertness, high reflectivity, softness, and brightness [9-13]. As
an aluminosilicate, pyrophyllite has recently emerged as an advanced catalyst for diverse
chemical applications [3,4,6]. With a hardness ranging from 1 to 2, pyrophyllite can be
easily ground. If heated to 1450 and 1480 °C, pyrophyllite transforms into mullite and
cristobalite, significantly increasing it is hardness to 7-8 and fracture strength to 25-50 MPa
with only a 3-4% shrinkage. Pyrophyllite demonstrates good tolerance to strong acids
and alkalis due to its electrical neutrality and chemical inertness [14]. Furthermore, it
exhibits notable o0il absorption ability and has a refractive index between 1.55 and 1.60 [15].
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Pyrophyllite is mostly produced in Korea, Japan, India, Thailand, Saudi Arabia, Peru, and
South Africa [16]. However, the primary producers of high-purity pyrophyllite, which is
widely used in filler and fiberglass applications, are China, Japan, and Korea [16].

The quality and price of pyrophyllite depend mainly on its content of Al,O3 and impu-
rities [17]. High-purity ore is desirable because of its high alumina content and acceptable
levels of iron and titanium, whereas low-purity ore has higher levels of iron and titanium
and a lower alumina content, making it less desirable for industrial applications [18,19].
Impurities such as titanium (Ti) and iron (Fe) adversely influence the final product [6,20],
affecting its color and other characteristics. The presence of Fe lowers the melting point of
refractory materials, reduces the mechanical strength of ceramics, and reduces transmission
in optical fibers [21]. Therefore, the acceptable percentages of Fe and Ti in pyrophyllite
ore are determined by industry. Industries such as refractory and paper have specific
limits for Fe and Ti content < 1%, while pottery, tiles, and fillers this is <0.5% [6,22-24].
Since high-grade pyrophyllite ores are rarely found naturally, and the industry’s increasing
demand has led to their rapid depletion, there has been a need to explore low-quality
pyrophyllite ores. Low-quality pyrophyllite ores exist in large quantities with high Fe
contents, which hinder their industrial use. Low-grade pyrophyllite ore treatment aims to
raise the alumina content and remove impurities, particularly Fe- and Ti-bearing minerals,
through economic and effective treatment techniques [4,6,25]. Upgrading processes for
low-grade pyrophyllite ore, such as physical and chemical separation and combination
techniques, are based on the gangue minerals and ore characteristics [26,27]. Magnetic
separation methods are particularly effective for paramagnetic and ferromagnetic impuri-
ties. Dry high-intensity magnetic separation is used to remove iron-containing minerals
from pyrophyllite for industrial use [6,28,29]. Parameters such as magnetic intensity, par-
ticle size, magnetic roll speed, feed rate, and solid content are crucial considerations in
this process [4]. The combination of microwave roasting radiation and dry high-intensity
magnetic separation is considered a promising and environmentally friendly technique
for enhancing the iron removal efficiency from low-grade pyrophyllite [20,30]. Compared
with conventional techniques, microwave heating has the advantage of allowing for vol-
umetric heating because of its deep penetration into the sample. Moreover, certain iron
minerals react with microwaves in a selective manner to form ferromagnetic phases, which
improve their magnetic properties [27,31]. The microwave irradiation time and magnetic
field intensity are the most important operating variables for this method [21].

Therefore, this study examined the removal of iron from Saudi low-grade pyrophyl-
lite ore using two approaches. The first approach involves dry high-intensity magnetic
separation, while the second involves microwave pretreatment of the ore samples before
dry magnetic separation. For the dry high-intensity magnetic separation approach, the
iron removal efficiency was investigated by changing different operating parameters such
as roll speed, feed rate, field intensity, and feed particle size. Alternatively, for the com-
bined method (microwave treatment followed by dry magnetic separation), the microwave
irradiation time and magnetic field intensity were studied.

2. Materials and Methods
2.1. Sample Collection, and Preparation

Saudi low-grade pyrophyllite ore samples were obtained from the SAMIROCK pyro-
phyllite mine in Yanbu, Saudi Arabia. The samples were ground in a laboratory ball mill
using a laboratory ball mill rotated by a roller machine (Sew-Eurodrive GmbH & Co. KG,
Bruchsal, Germany) to a size of less than 80 um. Representative samples were obtained
using a mechanical riffle splitter (KHD Humboldt Wedag AG, Cologne, Germany).
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2.2. Sample Characterization
2.2.1. Microscopic Examination

The samples were characterized for their mineralogical contents using the transmitted
and reflected light microscopy (ECLIPSE LV100DOL, Nikon, Melville, NY, USA) of both
thin and polished sections.

2.2.2. Scanning Electron Microscope (SEM)

The pyrophyllite samples were examined using a field emission scanning electron
microscope FESEM Model (JSM-7600F, JEOL, Tokyo, Japan) combined with an energy
dispersive X-ray (EDX) unit (Oxford Instruments, Abingdon, UK). SEM observations were
conducted to detect changes in the phases before and after microwave treatment. The
images were taken at a low voltage of 5 kV to avoid overcharging the sample. The intensity
peaks of each element at specific energy levels were estimated by EDX.

2.2.3. X-ray Diffraction Analysis (XRD)

XRD was carried out for treated microwaved samples and untreated ones using an
X-ray diffractometer (Regaku, Ultima 1V, Tokyo, Japan), with analytical conditions of Cu
ka radiation (40 kV, 40 mA), a step of 0.05°, and scattering angle of 20 in the range of 5°
to 80°.

2.2.4. Chemical Analysis

Chemical analysis was conducted on low-grade Saudi pyrophyllite samples. A Rigaku
RIX 2000 spectrometer, Tokyo, Japan was used to analyze the major oxides. The analysis
included SiO,, CaO, Al,O3, MgO, Fe,O3 (total), K,O, NayO, SO3, MnO, and P,0s. The
samples were prepared by mixing 1.0 g of each sample with 6.0 g of lithium tetraborate
beads to form glass beads. The glass beads were oxidized, melted, left to solidify in a
casting mold, and then analyzed.

2.3. Approach 1: Dry Magnetic Separation

Upgrading of the Saudi low-grade pyrophyllite was carried out using an induced roll
Outotec magnetic separator (Model MIH (13) 111-5, Outotec Inc., Espoo, Finland). Different
operating parameters were examined, such as the magnetic field intensity, roll speed,
feed rate, and feed size. The weights of both the non-magnetic and magnetic fractions
were recorded in each experiment. Both fractions were chemically analyzed using XRF to
determine their alumina and iron contents.

The recoveries of Al;O3 and Fe,O3 were calculated for the non-magnetic fraction
according to Equation (1).

Cxc

Recovery (%) = Fxf < 100 1)

where F is the weight of the considered feed, C is the weight of the produced concentrate,
f is the assay of the considered component in the feed, and c is the assay of the same
component in the concentrate.

2.4. Approach 2: Microwave Treatment Followed by Magnetic Separation

In this approach, microwave irradiation for pyrophyllite samples was performed prior
to dry magnetic separation using a microwave oven (Amana RC1752, 2.45 GHz, Whirlpool,
MI, USA). The microwave irradiation times (10, 20, 30, 40, and 50 min) were investigated.
The irradiated samples’ temperatures at the end of each irradiation time were 200, 390, 785,
800, and 805 °C, respectively. The treated and untreated samples were examined by XRD
and SEM to detect any changes in the mineral phases resulting from microwave irradiation.
The treated samples were then physically upgraded using the same dry magnetic separator
used in the first pyrophyllite upgrading approach.
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3. Results and Discussion
3.1. Characterization Results
3.1.1. Microscopic Analysis

Saudi low-grade pyrophyllite ore is generally metamorphic rock that is fine-grained,
compact, and massive. Microscopic examination showed that pyrophyllite occurs as fine-
grained anhedral flakes arranged in parallel with other constituents and exhibits a schistose
texture (Figure 1a). Additionally, pyrophyllite was observed wrapping around quartz and
feldspar crystals, creating an “Augen” texture. Associated minerals such as quartz and
feldspars and rare amounts of muscovite, chlorite, and sericite were observed. Quartz was
identified as finely grained, anhedral-strained crystals with wavy extinction and sutured
edges. These crystals were often aligned in parallel and had a schistose texture (Figure 1b).
Other associated minerals, such as feldspars and muscovite, are fine-grained anhedral
crystals intercalated with rock constituents and arranged in parallel with other constituents
to display the foliation texture. The observations showed that feldspars undergo partial
alteration to form the minerals sericite, chlorite, and clay.

Figure 1. Photomicrographs of Saudi low-grade pyrophyllite ore.

The results of reflected light microscopy shown in Figure 2 demonstrate that impurities
are present in rare amounts and occur as very fine-grained anhedral crystals disseminated
in the rocks following foliation. Moreover, these impurities are evident in altered pyrite
and hematite forms [21,32,33]. The results also indicated that pyrite was completely and
partially dissolved into iron oxide (hematite). Partial alteration occurs in the pyrite rim and
within it. Figure 2 shows high pyrite reflectance with a white-gray color, dissolved at the
rim and within it to hematite (brown).

Hematite
g v

Figure 2. Photomicrographs of impurities in Saudi low-grade pyrophyllite ore: pyrite is gray in color
and hematite is brown in color.
3.1.2. Scanning Electron Microscope (SEM)-EDX Characterization

Saudi low-grade pyrophyllite SEM images are shown in Figure 3. Pyrophyllite has a
fine schistose texture, which agrees well with the results of the microscopic study. It can be
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seen that the pyrophyllite in the particles is highly foliated. Moreover, the particles were
fine and had anhedral flakes arranged with sizes of about 2—4 um in width and 0.1 pm
in thickness.

0 2 < 6 8

ul Scale 2665 cts Cursor: 0.000

Figure 3. SEM images of Saudi low-grade pyrophyllite ore grade: (a) x3500, (b) x7500, (c) x1500,
5kV.

The EDX pattern of pyrophyllite ore reveals peaks corresponding to aluminum and
silicon, indicating the presence of alumina and silicates, which are the primary components
of pyrophyllite, as shown in Figure 4a,b. The association of potassium (K) with aluminum
(Al) and silicon (Si) suggests the presence of feldspar, muscovite, and sericite. The low
occurrence of iron (Fe) indicates that Fe exists as an impurity.

Al
Si

Ca
Fe

Sample

I T T T T 1
10 12 14 16 18 20 0 20 40 60 80 100

_ Weight %

Figure 4. SEM-EDX analysis of the studied pyrophyllite ore grade: (a) EDX image; (b) elemental
composition.

3.1.3. Chemical Analysis

Table 1 shows the chemical analysis results for the low-grade samples. This shows
that silicate and alumina minerals represented by silicate and aluminum oxides are the
main constituents, accounting for 67.72% and 25.04% of the total constituents, respectively.
The iron oxide content was 1.4%, indicating the low quality of the ore.

Table 1. Chemical composition of Saudi low-grade pyrophyllite ore.

Constituent SiO, Al,O3 Fe;O3 TiO, Na,O KO CaO Mg P05 LOI
wt. % 67.72  25.04 1.4 0.36 014 016 031 014 013 42

3.1.4. XRD

The analysis of the XRD spectra showed that the predominant phase was pyrophyllite
(AlSi4019(OH);), with quartz (SiO;) and feldspar (KAISizOg) as the main associated
minerals, as shown in Figure 5. Meanwhile, the XRD showed a rare amount of muscovite
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(KF)2(Al,03)3(510,)6(H20), which agrees well with the results of EDX and chemical studies.
Pyrite (FeS,) and hematite (Fe,O3) phases were observed. This result can be attributed to the
hydrothermal alteration altering the formation of pyrite and hematite in the pyrophyllite.

1-Pyrophyllite
2-Quartz
s ) 3- Feldspar
w 4-Muscovite
o 5- Pyrite
o 6- Hematite
= -
w
| =
et
-—
=
S 1 2
< = )\: 1Py E e f
5 O ARt e b
L L] L] L} L] L
10 20 30 40 50 60 70 80

28(degree)
Figure 5. XRD pattern of the Saudi low—grade pyrophyllite ore.
3.2. Dry High-Intensity Magnetic Separation (DHIMS)

Dry magnetic separation experiments were carried out to determine the optimal
conditions for achieving higher iron removal and alumina recovery in the non-magnetic
concentrate fraction. Various parameters were investigated, including the magnetic roll
speed, feed flow rate, magnetic field intensity, and feed particle size.

3.2.1. Effect of the Magnet Roll Speed

The effect of roll speed on the recovery of iron and alumina in the non-magnetic
fraction was investigated by increasing the roll speed from 20 to 100 rpm (see Figure 6).
The magnetic separation process was performed at a magnetic intensity of 8000 Gauss,
feed size of 0.250 + 0.045 mm, and feed rate of 24 kg/h. The results showed that there
was a decrease in FepO3 recovery to 32.14% in the non-magnetic fraction as the roll speed
increased from 20 to 40 rpm, as shown in Figure 6. The recovery percentage began to rise
as the speed increased from 40 to 100 rpm. On the contrary, by raising the roll speed to
40 rpm, the alumina recovery reached 77.28%, although a gradual decrease in the alumina
recovery was observed as the roll speed increased to 100 rpm. The results revealed that
increasing the roll speed increased the centrifugal force, which enhanced the selectivity of
the magnetic and non-magnetic portions. However, the exceeding increase in roll speed
limits the selectivity of magnetic and non-magnetic particles.

100
90
80
70

60
50
40
30
20
10

0

20 30 40 50 60 70 80 90 100

Roll Speed, rpm

m AlLOs B Fex0s

Recovery % at non-magnetic fraction

Figure 6. Effect of roll speed on Fe;O3 and Al,O3 recovery% in non-magnetic fraction.
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3.2.2. Effect of the Feed Flow Rate

A range of feed rates from 12 to 60 kg/h. were used to examine the impact of feed flow
rate at 40 rpm, a feed size of —0.250 + 0.045 mm, and a magnetic intensity of 8000 Gauss.
Figure 7 shows that a feed rate of 24 kg/h. was optimal as the lowest Fe,O3 recovery and
highest Al,O3 recovery rates were 32.4% and 77.34%, respectively. The findings indicate
that higher feed rates reduce the possibility of magnetic particle capture across the roll due
to the large number of particles in the separation area.

100
90
80
70
60
50
40
30
20
10

0

m ALOs B Fe 03

Recovery % at non-magnetic fraction

12 24 36 48 60
Feed rate, kg/h

Figure 7. Effect of feed rate on Fe;O3 and Al,O3 recovery in non-magnetic fraction.

3.2.3. Effect of the Magnetic Field Intensity

Experiments were carried out to study the magnetic field intensity from 2000 to
12,000 Gauss at a roll speed of 40 rpm, feed rate of 24 kg/h, and feed size of —0.250
+ 0.045 mm, as shown in Figure 8. Increasing the magnetic intensity to 12,000 Gauss
decreased Fe;O3 recovery to 22.98% in the non-magnetic portion, as shown in Figure 8.
Moreover, the Al,O3 recovery increased with increasing magnetic strength, reaching 79.49%
at 12,000 Gauss.

100
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0
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2000 4000 6000 8000 10000 12000
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Figure 8. Effect of magnetic field intensity on Fe,O3 and Al,O3 recovery% in non-magnetic fraction.
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3.2.4. Effect of the Particle Size

Table 2 investigates the efficiency of Fe,O3 and Al,O3 recovery for various fractions
of non-magnetic concentrate using an induced roll separator with a magnetic intensity
of 12,000 Gauss, roll speed of 40 rpm, and feed rate of 24 kg/h. The results show that
the non-magnetic concentrate yield obtained for all fractions was not high enough but
relatively acceptable. Lower Fe,O3 recovery in the non-magnetic portion was 21.91% at a
fraction size of 0.125 + 0.045 mm. The highest value was 33.99% at a feed size of 0.045 mm.
This result can be attributed to the non-capture of fine particles in the magnetic grooves.
On the other hand, the alumina recovery showed different results, as a higher recovery
of 80.47% was achieved at a feed size of 0.045 mm, and a lower recovery was achieved
at 0.125 + 0.075 mm. However, the recovery percentage of Al,O3 at a size of 0.045 mm
was very close to the recovery at a fraction size of 0.125 + 0.045 mm (optimum for Fe,O3
removal), which was 79.76%.

Table 2. Fe;,O3 and Al,O3 recovery in non-magnetic concentrate for different pyrophyllite sizes.

Yiel Assay % Recovery (%)
Feed Size (mm) Products - :/1

wt. % Fe, O3 Al,O3 Fe, O3 Al,O3

Conc. 76.5 0.42 26.02 22.95 79.49

—0.250 + 0.045 Tail. 23.5 4.59 21.85 77.05 20.51
Total 100 1.40 25.04 100 100

Conc. 76.7 0.40 26.04 21.91 79.76

—0.125 + 0.045 Tail. 23.3 4.69 21.75 78.09 20.24
Total 100 1.40 25.04 100 100

Conc. 75.04 0.57 25.87 30.55 77.52

—0.250 + 0.075 Tail. 24.96 3.90 22.55 69.45 22.48
Total 100 1.40 25.04 100 100

Conc. 76.56 0.46 25.98 25.16 79.43

—0.125 + 0.075 Tail. 23.44 4.47 21.97 74.84 20.57
Total 100 1.40 25.04 100 100

Conc. 77 0.51 25.93 28.05 79.74

—0.075 + 0.045 Tail. 23 4.38 22.06 71.95 20.26
Total 100 1.40 25.04 100 100

Conc. 78 0.61 25.83 33.99 80.47

—0.045 Tail. 22 4.2 22.23 66.01 19.53
Total 100 1.40 25.04 100 100

3.3. Microwave Treatment
3.3.1. Effect of Microwave Treatment on Impurities Phases

The effect of microwave treatment on the impurity phase was investigated using
XRD, SEM, and EDX analyses (Figures 9 and 10). The studied samples included untreated
samples and microwave-traded samples with various irradiation times (10, 20, 30, 40, and
50 min) to identify phase changes during the microwave treatment. Figure 9a—e presents
the XRD results of the untreated sample (at the bottom), and microwave-treated samples
for different irradiation times (at the top). The results showed significantly higher X-ray
intensities for samples treated for 10 min (Figure 9a), than for untreated samples. However,
no phase change was detected after microwave treatment because the irradiation time and
pyrophyllite sample temperature were not sufficient to cause a phase change. A phase
change from pyrite (FeS;) to pyrrhotite (Fe;Sg) was detected after 20 min of microwave
treatment (Figure 9b). The sample exhibited higher intensities than the sample treated
for only 10 min. These findings are consistent with the previous literature [21,30,34,35],
suggesting that microwave treatment can indeed convert pyrite into ferromagnetic phases.
Moreover, the X-ray intensity of the sample heated for 30 min was notably higher than
that of the sample treated for 10 and 20 min (Figure 9c). The observed increase can be
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attributed to the prolonged irradiation time and higher temperature of the pyrophyllite
samples. Additionally, the results indicated a phase change in the pyrite (FeS;), which
was transformed into pyrrhotite (Fe;Sg), while the hematite (Fe,O3) was converted into
magnetite (Fe3Oy). This finding aligns with previous research [21,30,35], which documented

the phase change in pyrite and hematite into more ferromagnetic phases after 30 min of
microwave treatment.
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Figure 9. XRD patterns for the untreated pyrophyllite and the microwave-treated samples.

Similarly, the X-ray intensities after a microwave treatment of 40 min remained rela-
tively similar to those obtained after 30 min, as shown in Figure 9d. The results indicate a
slowing rate of increase in sample temperature. Consequently, the phase change persisted,
with pyrite converting to pyrrhotite and hematite (Fe,O3) to magnetite (Fe304), confirming
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that microwave treatment after 40 min had the same effect as 30 min. Furthermore, the
50 minutes’ X-ray intensities of microwave treatment, Figure 9%e, was relatively similar
to those obtained for 30 and 40 min, suggesting a consistent rate of increase in sample
temperature. The phase change that was shown after 50 min was similar to what was seen
after 40 and 30 min, indicating that the effects of the microwave treatment were similar
after 50 min.

4
"
R o5

100pm

(f) Microae treated for 50 min

Figure 10. SEM images of untreated and microwave-treated pyrophyllite samples.
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Figure 10a—f shows the SEM micrographs of the untreated and microwave-treated
samples at various durations (10, 20, 30, 40, and 50 min). The untreated sample displays
a fine schistose texture, and the particles are highly foliated, with have anhedral flakes
arranged, as shown in Figure 10a. For the 10 minute microwave treatment, cracks developed
mostly within the grain boundary, as shown in Figure 10b. The observations agree with
previous studies, which reported that microwave irradiation is more significant at the
boundaries and the surfaces of the grains [21,30]. The 20 min treated samples display a
very fine schistose texture and the particles are highly foliated, as in Figure 10c. Moreover,
the phase transition of pyrite into pyrrhotite may potentially be attributed to the intense
impact of microwave irradiation induction on the grain rims and surface. SEM micrograph
of 30 min microwave-treated sample is shown in Figure 10d. The surface of the particles
appears significantly induced by microwave irradiation compared to the samples treated
for 10 and 20 min. Figure 10e illustrates that the notable impact of microwave irradiation
induction for 40 min on the surface and rims of the grains is comparatively similar to
that induced by 30 min of microwave treatment. The results of the 50 min microwave
irradiation treatment showed similar results as the 40 and 30 min treatments, as shown
in Figure 10f. The SEM findings are supported the XRD, suggesting that the microwave
treatment’s effects were comparable for 30, 40, and 50 min.

3.3.2. Effect of Microwave Irradiation on Iron Removal
Effect of Microwave Irradiation Time on Iron Removal

Experiments were conducted for different microwave irradiation times (10 to 50 min)
at a magnetic intensity of 5000 Gauss, roll speed of 40 rpm, and feed rate of 24 kg/h.
The irradiation time results indicate that iron recovery in the non-magnetic concentrate
decreased with increasing irradiation time (Figure 11). This decline can be attributed
to the transformation of iron-impurity minerals into ferromagnetic minerals, leading to
an increase in magnetic susceptibility and magnetic properties as the irradiation time
increases. Conversely, the alumina recovery in the non-magnetic concentrate increased with
increasing the irradiation time (Figure 11). However, the results indicate that irradiation
for >30 min saturated the removal efficiency of iron minerals, reaching approximately
89%. This indicates that microwave treatment for 30 min is optimal for pre-treating Saudi
low-grade pyrophyllite ore, a conclusion supported by the findings of [21].

100
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u ALLOs B Fe,0s

Recovery % at non-magnetic fraction

10 20 30 40 50
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Figure 11. Effect of microwave irradiation time on Fe,O3 and Al,O3 recovery% in non-magnetic fraction.
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Effect of Magnetic Field Intensity on the Iron Removal from Microwave
Irradiated Pyrophyllite

In order to study the effect of field intensity on iron removal, samples that underwent
30 min of microwave irradiation were subjected to different magnetic field intensities
ranging from 1000 to 5000 Gauss at a roll speed of 40 rpm and feed rate of 24 kg/h. The
results show that as the magnetic field intensity increases, the alumina recovery percentage
increases in the non-magnetic concentrate. The iron recovery decreased at higher intensities
(Figure 12). However, magnetic field intensities exceeding 2000 Gauss saturated the iron
removal efficiency, reaching approximately 89%. This may be attributed to the fact that a
magnetic field intensity of 2000 Gauss was adequate for removing ferromagnetic minerals
from microwave-treated pyrophyllite samples irradiated for 30 min.
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Figure 12. Effect of magnetic field intensity on Fe;O3 and Al,O3 recovery% in non-magnetic fraction
treated microwave.

4. Conclusions

This study aimed to investigate the removal of iron impurities from Saudi low-grade
pyrophyllite ore. The study compared the use of a dry high-intensity magnetic separation
approach with a combined one that involves microwave treatment prior to dry magnetic
separation. The ore characteristics show that pyrite and hematite were the main iron impu-
rities. Different parameters were studied, including roll speed, feed rate, field intensity, and
feed particle size, for the dry high-intensity magnetic separation process. The microwave
irradiation time and magnetic field intensity were studied for the combined method. The
results indicated that the optimum conditions for dry magnetic separation were a feed
rate of 24 kg/h, roll speed 40rpm, magnetic intensity to 12,000 Gauss, and feed size of
0.125 + 0.045. This achieved a lower iron recovery 21.92%, accompanied by an alumina re-
covery of 80.47%. On the other hand, 30 min of irradiation and a magnetic field intensity of
2000 Gauss were optimal for the microwave treatment process. This study shows that using
dry high-intensity magnetic separation (DHIMS) at 12,000 Gauss achieved an iron recovery
of 21.92%, accompanied by an alumina recovery of 80.47% in the non-magnetic portion.
The utilization of a combined approach involving microwave treatment and magnetic
separation proves to be a promising and effective method for enriching low-grade Saudi
pyrophyllite, as it achieves an impressive lower iron recovery of 11.2% in the non-magnetic
portion and a removal efficiency of 89%, in addition to the higher the alumina content of
91.31% in the non-magnetic yield. However, according to international market specifica-
tions for pyrophyllite, the concentrate obtained through the combined method could fetch
USD 480/t [6,26,36]. On the economic side, the combined method utilizes a lower magnetic
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field intensity (2000 Gauss) compared to the high-intensity magnetic separation method
(up to 12,000 Gauss), leading to reduced energy consumption and costs. Additionally, the
entire process is conducted under dry conditions, eliminating the need for water usage and
associated drying expenses, thus maximizing efficiency in workspace utilization.
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