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Abstract. Calcium carbonate (CaCO3) is an essential raw material in the manufacture of 
goods and industrial products like cement, rubber, paper, paints, food, and medicines. For 
this compound to be economically valuable, however, its quality needs to meet the standard 
market requirements. Among the various impurities found in natural CaCO3-bearing ores, 
iron (Fe) is one of the most problematic. In this study, the upgrading of low-grade CaCO3 
from a processing plant in Thailand by magnetic separation was investigated. Detailed 
characterization of the low-grade material was also carried out to identify the solid-phase 
partitioning of Fe. The results showed that Fe was mainly associated with magnetite and 
pyrrhotite in the ore, and during processing, additional Fe was introduced from the ball 
milling process. To improve the quality of this low-grade CaCO3, the effects of magnetic 
field intensity, feed rate, and repetition on the induce roll magnetic separation were 
investigated. Based on the results, higher magnetic field intensity, lower feed rate, and more 
repetition are required for the upgrading of low-grade CaCO3. 
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1. Introduction 
 
Calcium carbonate (CaCO3) is usually found as the 

mineral calcite [1–3]. Calcite is a major mineral component 

of sedimentary rocks like chalk, limestone, sandstones, 
and mudstones [4–6] which are typically formed by the 
deposition of shells from snails, shellfish, and coral in 
ancient fresh and marine environments [7]. 

Calcium carbonate is used as raw material in cement, 
plastic, paint, paper, and pharmaceutical manufacturing 
industries. In general, pure calcite is transparent and 
colorless but rarely found in nature. In contrast, there are 
various colors of calcite that could be found due to the 
impurity of metal ions (i.e., Fe, Zn, Co, and Mn) replace 
calcium ions in the crystal lattice [1]. Table 1 summarizes 
the typical specifications of CaCO3 by industries in 
Thailand. To obtain the products with acceptable 
properties, the quality of raw materials needs to be 
controlled following market and/or industrial standards. 
For CaCO3-bearing raw materials, higher prices are given 
to those with finer particle size is finer, higher CaCO3 
content, lower impurities especially Fe, and less dis-
coloration (high whiteness).  

To prepare a product that meets the standard 
requirements for animal feeds and fillers for rubber, paper, 
paint, coating, and pharmaceutical products, the Fe (as 
Fe2O3) content must be less than 0.1 and 0.05%, 
respectively. Therefore, CaCO3 with trace Fe impurities 
(>0.1% as Fe2O3) is difficult to use since the impurities 
could decrease the whiteness and durability of products [8]. 

Although CaCO3 is ubiquitous, high-grade deposits 
are only available in few locations. In Thailand, premium-
grade CaCO3 is produced from the Khoktum deposit, 
Lopburi Province. High-grade CaCO3 is mined, processed, 
and utilized by various industries, but because it is a non-
renewable resource, such deposits are gone forever once 
depleted. Because the majority of available high-grade 
deposits have been used up in the past, those that are 
available today for exploitation are typically of lower grade. 

The lack of raw materials for various applications due 
to the limited availability of mineral resources is becoming 
a serious issue in recent times. For these resources to be 

enough for our generation as well as to preserve them for 
the future, they should be used properly by following the 
United Nations’ Sustainable Development Goals (UN-
SDGs) especially, Goal 12 “Responsible Consumption 
and Production” [9–12]. 

To achieve this goal, technologies to improve the 
quality of low-grade mineral resources need to be 
developed. For CaCO3, the main impurity that must be 
controlled is the Fe content of the product after mining 
and processing. Unfortunately, products generated from 
low-grade CaCO3 showed a higher content of Fe2O3 than 
the standard requirement. For Fe-rich CaCO3 deposits, 
magnetic separation is a potentially promising approach 
for the removal of Fe-bearing minerals because the 
majority of them have high magnetic susceptibilities; that 
is, they are easily removed using a strong magnetic field 
[13–15]. 

Magnetic separation is a technique widely used in 
mineral processing as well as resources recycling. Minerals 
can be categorized into three types based on their 
magnetic properties: ferromagnetic, paramagnetic, and 
diamagnetic. For ferromagnetic minerals, they are easily 
recovered and separated from diamagnetic minerals using 
permanent magnets with low magnetic intensities. In 
contrast, paramagnetic minerals are more difficult to 
recover and separate, so high magnetic intensity is 
required [16–39].  

Induced roll magnetic separator (IRMS) is a simple 
and robust dry-type magnetic separator well-known for its 
high efficiency in separating paramagnetic materials from 
ores. It is widely used for the separation of hematite, 
ilmenite, wolframite, cassiterite, phosphate rocks, glass 
sands, and beach sands [40–44]. The IRMS consists of a 
revolving phosphate steel laminated roll that is 
compressed with a non-magnetic stainless-steel shaft. The 
rotor is placed between specially shaped poles of an 
electromagnet. The two different roll laminations together 
with the shaft with a serrated profile could promote high 
magnetic intensities of up to 2.2 T. During separation, 
magnetic particles are attracted by the magnetic roll and 
are recovered into the magnetic compartment while the 
non-magnetic particles are thrown off into another roll or 
non-magnetic compartment.  

 
Table 1. Typical specifications of calcium carbonate for industries in Thailand. 
 

Specification 
Industries 

Animal feeds Rubber Paper  Paint & coating  Pharmaceuticals 

Particle size [µm] < 100 µm < 50 µm (100%) & with < 2 µm (50 %) 

CaCO3 [%] >98 > 98.5 

Fe2O3 [%] ≤0.1 0.03–0.05 0.02–0.03 0.01–0.02 < 0.01 

Whiteness [%] >94 >95 

Price [USD] 17–22 22–28 28–55 70–140 140–225 



DOI:10.4186/ej.2023.27.10.1 

ENGINEERING JOURNAL Volume 27 Issue 10, ISSN 0125-8281 (https://engj.org/) 3 

The important parameters affecting the separation 
efficiency of IRMS include magnetic susceptibility of 
particles, particle size, applied magnetic field intensity, 
feed rate, roller speed and angle of product collection 
splitter [42, 44]. The application of IRMS for the removal 
of Fe-bearing materials from CaCO3 should be evaluated 
and explored. The application of this separator for 
improvement of the separation efficiency in existing 
processing circuits will also increase if a better 
understanding of knowledge gaps is achieved [44]. 

In this study, the chemical composition of low-grade 
CaCO3 obtained from this processing plant was analyzed 
to find the source of the high Fe content. Magnetic 
separation experiments using a dry-type induced roll 
magnetic separator were carried out to improve the quality 
of CaCO3 products by removing Fe-bearing materials to 
meet market requirements. 
 

2. Materials and methods 
 

2.1. Sample Collection and Characterization 
 

The samples used in this study were collected from a 
CaCO3 processing plant in Thailand. Figure 1 shows the 
schematic flowchart while the collection points are 
explained in Table 2. Low-grade CaCO3 from mining with 

particle size less than 6 inches (≈ 150 mm) are fed into 

the hoppers, then screened by a 2-inch (≈  50 mm) 
aperture grizzly feeder. The 2–6 inches fraction is fed into 
a jaw crusher to reduce the particle size to less than 2 
inches. Products from the jaw crusher and particles less 
than 2 inches from grizzly feeder are both fed into an 
impact crusher with 10 mm screen, and the resulting 
undersize is sent to silos. At this stage, Fe-bearing  
 

 

 
Fig. 1. A schematic flowchart of the calcium carbonate processing plant. 
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Table 2. The CaCO3 and Fe2O3 contents of samples at each collection point are shown in Fig. 1. 
 

Sample ID Collecting points CaCO3 [%] Fe2O3 [%] 

P-1 Feed of low-grade CaCO3 98.19 0.46 
P-2 Stock in silo 98.19 0.46 
P-3 Non-magnetic fraction from silo 99.09 0.05 
P-4 Underflow of air classifier after ball mill  98.06 0.67 
P-5 Underflow of air classifier after vertical mill 99.16 0.06 
P-6 2.0–2.2 µm product 99.06 0.07 
P-7 2.2–2.5 µm product 99.20 0.04 
P-8 2.5–3.5 µm product 99.10 0.05 
P-9 3.5–6.0 µm product  99.10 0.04 
P-10 6.0–10 µm product  99.12 0.05 

P-11 10–45 µm product 98.97 0.06 

components, which are mostly large steel particles, are 
removed using permanent magnetic bars installed at the 
product-end of the silos. From the silos, non-magnetic 
products are fed into two parallel lines of the grinding 
process: (i) ball mill, and (ii) vertical mill. 

For the ball mill line, the non-magnetic product from 
the crushing circuits is ground and sized using an air 
classifier. The >10 µm is re-ground while the <10 µm 
fraction is classified into final products with various sizes 
(i.e., 2.0–2.2, 2.2–2.5, and 2.5–3.5 µm) using a blower 
classifier while the 3.5–10 µm size fraction is sent to the 
primary blower classifier of the vertical milling line. For 
the vertical mill line, the non-magnetic product is ground 
and then classified using an air classifier. The >45 µm 
fraction is re-ground while the <45 µm fraction is 
classified into final products with various sizes (i.e., 3.5–
6.0, 6.0–10, and 10–45 µm) using blower classifiers.  

The chemical and mineralogical compositions of 
samples was analyzed using an X-ray fluorescence (XRF) 
spectrometer (Supermini 200, Rigaku Corporation, Japan) 
and X-ray diffractometer (XRD, PANalytical Aeris model, 
The Netherlands). 

 
2.2. Magnetic Separation Experiments 

 
To improve the quality of low-grade CaCO3 materials, 

the samples with the highest Fe content were tested with 
magnetic separation experiments using a bench-scale 
IRMS (CP887412 model, Eriez Magnetics Japan Co., Ltd. 
Tokyo Japan) (Fig. 2), which has an induced roll width of 
13.5 cm and an electrical voltage of 100 V. 1 kg of sample 
was used, and three magnetic field intensities—0.25, 0.35, 
and 0.45 T—and three feed rates—2.4, 2.8, and 3.2 
kg/h—were evaluated. After the experiments, the non-
magnetic fractions were weighed and analyzed by XRF. 

 

3. Results and Discussion 
 

3.1. Quantitative Analysis Using X-ray Fluorescence 
Spectroscopy 
 

Table 2 shows the CaCO3 and Fe2O3 contents in the 
samples. The high-grade CaCO3 of this mine usually 

contains 99.2% CaCO3 and 0.03% Fe2O3. However, the 
low-grade CaCO3 (P-1) from mining contains 98.2% 
CaCO3 and 0.46 % Fe2O3, indicating that the lower quality 
of the feed was inherent of the source rock. The quality 
remained the same after screening using the grizzly feeder 
and crushing with jaw and impact crushers (P-2). After the 
removal of magnetic fractions with a permanent magnet 
at the product-end of silo (P-3), the quality was improved; 
that is, the CaCO3 content increased to 99.1% while the 
Fe2O3 content decreased to 0.05%. This product quality is 
good enough to be sold as fillers to the rubber 
manufacturing industries (Table 1). 

Unfortunately, the Fe2O3 content increases after the 
grinding processes, especially using a ball mill while only a 
small increment was found when using a vertical mill. As 
shown in Table 2, Fe2O3 content of the air classifier 
underflow fraction after ball milling (P-4) was 0.67%, 
which was higher than the source rock (P-1; 0.46% Fe2O3). 
This indicates that the increase in Fe2O3 likely originated 
from abrasion of steel balls with each other and the liners 
of the ball mill. Because of this, the highest Fe2O3 content 
was measured at 0.07% in the P-6 sample, which is the 
finest product (2.0–2.2 µm). To confirm that Fe originated 
from both the source rock and ball milling, the P-3 and P-
4 samples were analyzed using XRD. 

 
3.2. Qualitative Analysis Using X-ray Diffraction 

 
To confirm the source of Fe, the P-3 and P-4 samples 

were analyzed by XRD. Unfortunately, the peaks of minor 
materials were very weak due to the high concentration of 
CaCO3. To detect these impurities, especially the Fe-
bearing materials, magnetic separation was carried out 
prior to XRD. This preconcentration step was carried out 
using 1 kg of samples and was treated using IRMS with 
magnetic field intensity and feed rate of 0.45 T and 2.4 
kg/h, respectively. 

For P-3 sample, the results showed that Fe was mainly 
in the form of magnetite and pyrrhotite that came from 
the source rock. Magnetite is generally found in many 
kinds of rock, especially in the contact zones with 
metamorphic and country rocks. In the case of pyrrhotite,  
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Fig. 2. A schematic illustration of the induced roll 
magnetic separator used in this study. 
 

it is a common trace constituent of mafic igneous rocks 
and could also be found in the contact zones between the 
metamorphic and country rocks, together with other Fe-
bearing minerals like magnetite and pyrite [45–47]. In the 
mining area where the samples of this study were 
collected, greyish-white calcite was formed by the re-
crystallization of limestone due to contact metamorphism 
associated with magmatic intrusion into limestone. The 
magma cooled down and formed biotite-muscovite and 
granite. The reaction between country rock and the 
magmatic fluid introduced Fe-bearing impurities like 
magnetite and pyrrhotite into calcite [48]. 

In the case of P-4 sample, magnetite and pyrrhotite 
were found similar to the P-3 sample together with steel 
fragments/particles, which were introduced as a result of 
abrasion of grinding balls with each other and the steel 
liner of the ball mill [49, 50]. These results indicated that 
both Fe-bearing minerals inherent in the source rock and 
Fe-scrap from ball milling are the major impurities in this 
sample. 
 

3.3. Effects of Magnetic Field Intensity and Feed 
Rate 

 

To improve the quality of low-grade CaCO3, the P-4 
sample (i.e., underflow fraction of air classifier after ball 
mill) with the lowest CaCO3 and highest Fe2O3 contents 
was used for magnetic separation experiments. Figure 3 
shows the (a) yield percentage, (b) Fe2O3 content, and (c) 
CaCO3 content of non-magnetic products after separation 
by IRMS at different magnetic field intensities (0.25, 0.35, 
and 0.45 T) and feed rates (2.4, 2.8, and 3.2 kg/h). 

 The results showed that most of the materials were 
recovered in the non-magnetic fraction. The yield 
percentage of non-magnetic products decreased when the 
magnetic field intensity increased but increased with 
higher feed rates (Fig. 3 (a)). This means that the lowest 
magnetic field intensity (i.e., 0.25 T) and highest feed rate 
(i.e., 3.2 kg/h) had the highest yield percentage at 84.1% 
while conditions whereby the highest magnetic field 
intensity (i.e., 0.45 T) and lowest feed rate (i.e., 2.4 kg/h) 
was used had the lowest yield percentage at 80.74%. 

Figure 3 (b) showed that the Fe2O3 content of non-
magnetic products were between 0.24% and 0.29%, which 
was lower than the original feed at 0.67%. The lowest 
Fe2O3 content was obtained at 0.45 T and 2.4 kg/h, 
indicating that high magnetic field intensity and low feed 
rate are required to produce low Fe2O3 content products. 

In the case of CaCO3 content, the range in the non-
magnetic product was 98.3 to 98.6%, which was higher 
than that of the original feed at 98.1% (Fig. 3 (c)).  

These results were in line with the previous studies 
that worked on the recovery of paramagnetic minerals (i.e., 
hematite [44] and low-grade ferruginous manganese ore 
[42]). The higher magnetic field intensity could 
recover/remove more magnetic materials due to more 
intensity of magnetization and magnetic force could occur 
and for feed rate, low feed rate could make each particle 
touch and be attached on the induced roll so, the magnetic 
particles have more chance to be recovered as magnetic 
products [17, 21, 42, 44]. 

These results suggest that when a magnetic field 
intensity of 0.45 T and feed rate of 2.4 kg/h was used, Fe-
bearing impurities were effectively removed and 
acceptable CaCO3 contents were achieved. However, the 
Fe2O3 content under these conditions still did not meet 
the standard required by the industry. 

 
3.4. Effects of Cleaning by Repetitive Magnetic 

Separation 
 

To achieve saleable quality of CaCO3 products, the 
non-magnetic products were repeatedly fed into the IRMS 
to remove more magnetic materials and decrease their 
Fe2O3 content. Figure 4 illustrates the (a) yield percentage, 
(b) Fe2O3 content, and (c) CaCO3 content of non-
magnetic products after the separation using IRMS at 
magnetic field intensities of 0.45 T and feed rate of 2.4 
kg/h with 1, 2, and 3 repetitions. 

The yield percentage of non-magnetic products 
decreased when the samples were repeatedly treated by 
magnetic separation (Fig. 4 (a)). For the Fe2O3 content, 
the lowest amount was obtained after 3 repetitions (Fig. 4 
(b)).  

In the case of CaCO3 content, the range in non-
magnetic product was 98.3−98.6%, which was higher than 
that of the original feed (98.2%) (Fig. 4 (c)). These results 
showed that with 3 repetitions, the lowest Fe2O3 content 
with lowest yield and acceptable CaCO3 content could be 
obtained, however, the content of Fe2O3 under these 
conditions still did not meet the standard required by the 
industry. 

 
3.5. Optimization 
 

From previous experiments, it was found that high 
magnetic field intensity and low feed rate are both required 
to achieve low Fe2O3 content products [13, 35]. However, 
the products obtained after magnetic separation still 
contain Fe2O3 exceeding the standard requirement of 
industries. In this section, optimization experiments were  
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Fig. 3. (a) yield percentage, (b) Fe2O3 content, and (c) 
CaCO3 content of non-magnetic products after magnetic 
separation experiments with different magnetic field 
intensities (0.25, 0.35, and 0.45 T) and feed rates (2.4, 2.8, 
and 3.2 kg/h). 

 
Fig. 4. (a) yield percentage, (b) Fe2O3 content, and (c) 
CaCO3 content of non-magnetic products after magnetic 
separation experiments at 0.45 T and 2.4 kg/h with 1, 2, 
and 3 repetitions. 
 

1.  

2.  

3.  
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carried out using lower feed rates of 1.6, 2.0, and 2.4 kg/h 
with 4 repetitions and magnetic field intensity of 0.45 T 
(i.e., maximum magnetic field intensity of IRMS used in 
this study). 

Similar to the previous experiments, the results 
showed that the yield percentage of non-magnetic 
products decreased with lower feed rates (Fig. 5 (a)). For 
the Fe2O3 content, it decreased at lower feed rates and the 
lowest Fe2O3 value of 0.08% was successfully obtained at  
1.6 kg/h. and with this condition, the Fe2O3 content are 

acceptable for animal feeding (Fe2O3 ≤ 0.1%) (Fig. 5 (b)).  
For CaCO3 content, the lower feed rates increased the 
CaCO3 content up to 98.7% (Fig. 5 (c)).  

These results indicate that low-grade CaCO3 could be 
upgraded to acceptable quality using an IRMS with a 
magnetic field intensity of 0.45 T and feed rate of 1.6 kg/h 
after 4 repetitions. 

 

4. Conclusions 
 
In this study, a low-grade carbonate material collected 

from a processing plant in Thailand was characterized to 
identify the sources of Fe-bearing impurities and upgraded 
by magnetic separation (IRMS) to improve its quality. The 
results revealed that the Fe-bearing materials in the 
samples originated from the source rock and introduced 
by processing. Magnetite and pyrrhotite were identified as 
inherent gangue minerals in the source rock, which were 
formed due to contact metamorphism when biotite-
muscovite and granite rocks intruded into the calcite-rich 
country rock. Meanwhile, synthetic Fe impurities 
originated from steel balls and liners used in ball milling.  

To achieve the target quality of CaCO3 for industrial 
applications, Fe2O3 content of the samples were removed 
by IRMS. The effects of magnetic field intensity, feed rate, 
and repetition on the yield percentage, Fe2O3 content, and 
CaCO3 content were also evaluated. The results showed 
that low Fe2O3 with high content of CaCO3 could be 
obtained at high magnetic field intensity, low feed rate, 
and repetitive IRMS treatment. Finally, an acceptable 

grade for animal feeding (Fe2O3 ≤ 0.1%) was successfully 
achieved when a magnetic field intensity of 0.45 T and 
feed rate of 1.6 kg/h were used after 4 repetitions.  
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