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Groundwater Treatment by Electromagnetic Polarization

Abstract

Due to the increased demand for water, it is essential to search for

water sources to satisfy the water demand for drinking purposes. In Iraq,

there is a continuous decrease in Tigris river water for many reasons.

Thus it is necessary to search for other sources. On the other hand, there

are rural areas where fresh water is unavailable, so it has become

necessary to treat groundwater in such areas. Groundwater can be

considered for this purpose. However, most groundwater sources are not

suitable before reducing hardness. In the present work, a trial to minimize

hardness from the groundwater by electromagnetic polarization is made.

Actual samples are taken from Samarra, Salah al-Din Governorate.

Laboratory apparatus has been designed and constructed to perform the

present work. The investigated parameters are; contact time (5 - 60 sec),

initial hardness concentration (800 - 1800 mg/L), and magnetic flux

intensity (0.5 - 1.25 Tesla). The results indicated that hardness can be

reduced by electromagnetic treatment. The obtained hardness removal

efficiency range is 3.25 to 35.2%. Moreover, the addition of y-Fe203 and

Fe304 gives no improvement in hardness removal.

Keywords: Groundwater, Electromagnetic polarization, Hardness,

Magnetic nanoparticles, hardness removal



Introduction

Groundwater sources can fulfill the increasing water demand. However, most of the
groundwater is brackish. Therefore, it must be treated to be able for consumption (Mahdi
2008). Magnetic field innovation is a modern and advanced system for water treatment
(Goldsworthy et al. 1990). According to Baker and Judd's (1996) review paper, the Anti-
scale Magnetic treatment (ATM) of hard water is used to prevent deposits in heat

exchangers and domestic devices.

Qahtani (1996) worked on the desalination of seawater with a total dissolved solids
(TDS) concentration of 4300 mg/L through the permanent magnetic tube at a high
strength of 0.7 T. The salt concentrations of treated solutions were observed to be smaller

than those of untreated solutions.

Busch and Busch (1997) prepared hard water and treated it magnetically. They
measured a scale before and after treatment. The results showed that a 22% reduction in

scale formation was observed due to magnetic treatment.

Barrett and Parsons (1998) discovered that treating hard water with a magnetic

treatment reduced the scale accumulated on the walls.

Alimi et al. (2006) studied the impact of a magnetic field on the calcium carbonate
scale precipitation process in hard water. Calcium carbonate precipitation was induced
after this treatment by degassing dissolved carbonic gas. They found that the nucleation
time depends on pH, flow rate, and contact time. Furthermore, the magnetic treatment
alters the homogeneous/heterogeneous nucleation ratio. The increase in pH, flow rate,

and residence time will promote homogeneous nucleation.

Banejad and Abdosalehi (2009) investigated magnetic flux intensities of 0 - 0.1 T

under flow rates of 4 and 30 lit/h to treat hard water. They stated that the magnetic flux



intensity, flow rate, and how these elements interact have substantial effects on reducing
water hardness. The results revealed that the amount of aragonite in comparison to calcite
increased from 70% to 99.99%, and the ratio of calcite/aragonite had the greatest

reduction. They got a hardness reduction of 51%.

Tantawy et al. (2015) investigated the effect of magnetic treatment on the ability of
groundwater to form scales. Magnetic treatment was performed at 1.4 T and at a flow rate
of 10 liters per hour. The amount of temporary hardness-causing ions as well as the weight
of scales, were found to be significantly reduced after magnetic treatment by
approximately 39.13% and 22.2 %, respectively. The magnetic treatment promotes the

formation of crystals of calcite, vaterite, and aragonite.

Abdulrazzag (2016) studied hard water treatment by Electromagnetic Polarization to
enhance the precipitation of Ca?* and CO3% ions. Results showed that the increase of the

electromagnet field would increase CaCO3 precipitation by up to 34 %.

Bali and Gueddari (2018) investigated how a magnetic treatment affected the
physicochemical features of hard water. The results show that the magnetically treated

water scaling power was inhibited.

Al-Omari (2019) stated that hardness and scale weight dropped by 39.1 and 22.3 %
respectively after the magnetic treatment. The operating parameters in this work were; a
flow rate of 10 liter/h and a magnetic field strength of 0.5 T. He stated that the magnetic
field minimizes the amount of temporary hardness by lowering both the dissolved CO2
and surface tension. Magnetic processes change the shape and size of CaCO3 scale

crystals, preventing them from adhering to the substrate and forming hard scales.

Alla (2019) used a magnetic technique for the treatment of water in some selected

wells in Kirkuk province for irrigation. Results showed that a large change had happened



after subjecting the samples to magnetic flux, especially the total dissolved solids, which

was reduced by 30.4-31.25 %.

Aljuboory and Mahdi (2020) studied magnetic field treatment of salinity in
groundwater in Kirkuk from April to August 2020 by exposing water to magnetic fields
with varying intensities. According to the study's findings, magnetic treatment reduced
total soluble solids, electrical conductivity, total hardness, calcium and magnesium
hardness, chloride and sodium ion, pH, and potassium ion concentrations, and boosted

nutrients ready for soil and plants.

Lu Lin et al. (2020) selected and reviewed 48 studies (published after 2000) about
magnetic water treatment for scale control. They stated that magnetic treatment results in
the precipitation of crystals. They also stated that 95% of the 48 studies discussed had

positive effects and only 5% of the studies observed negligible improvement.

Sergio and Nuria (2021) stated that the effectiveness of magnetic and electromagnetic
techniques in preventing scale is not demonstrated since it depends on many parameters
such as temperature, pressure, dissolved CO2, pH, magnetic field intensity, water flow,
etc. They presented a review of these techniques, together with other techniques, such as
chemical softening, the use of inhibitors, ion exchange, electrochemical, and membrane
treatments. The latter alters the composition of the water and generates hazardous waste
for health and the environment, unlike magnetic and electromagnetic treatments, which

are considered non-invasive techniques.

Aldoury et al. (2022) tried to soften groundwater and reduce total dissolved solids
employing electromagnetic polarization under different operating parameters (inlet
hardness, flow rate, magnetic field strength. The results indicated that hardness can be

reduced and no significant total dissolved solids removal.



Jiang et al. (2022) studied the effect of Electromagnetic Fields (EMF) on Reverse
Osmosis (RO) membrane scaling control during saline groundwater desalination. The
results of the tests showed that EMF was effective for scale control under typical RO

operation circumstances.

Qian Leli, et al. (2023) present a new methodology to evaluate the effectiveness of
magnetic treatment of feed water for reducing mineral scaling on a reverse osmosis (RO)

membrane. They found that this method is insignificant in scale inhibition.

Sirine et al. (2023) evaluated the influence of the magnetic treatment at 0.70 T, upon
the scale formation in synthetic solutions exposed to a static magnetic field for different
exposure times. The results show that homogeneous CaCOs precipitation rates in the

treated solution were lower than those in the absence of the magnetic field.

A lot of work has been done on the application of magnetic treatment in many fields,
including water and wastewater treatment. Many authors conducted research concerning
the impact of magnetic fields on solid particle separation in water (\Watson et al. 1980;
Chin and Fan 2010), the effect of magnetic fields on the physical and spectral properties
of water (Maggard 1989), desalination and ion exchange processes in the presence of a
magnetic field (Bolto 1996), the use of magnetic particles with magnetic field to remover
iron from water (Navartil and Tsair 2003), the use of physical polarization water
treatment to inhibit scale (Zeng et al. 2013; Okazaki et al. 2019) and bacterial growth
(Zeng et al. 2013), removal of arsenate from water (Tuutijarvi 2013), improvement of
irrigation water characteristics (Kareemm 2019), phosphorus removal from water (Zhang
etal. 2020), application of magnetic particle technology to treat wastewater by adsorption
and coagulation processes (Bolto 1990), removing and recovering soluble Cr (VI) and
Zn from wastewater (Chen et al. 1991), the use of a submerged filter system for

wastewater treatment utilizing a biofilm system comprised a magnetically anisotropic


https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Latifa/Sirine+Ben

tubular support medium (Sakai et al. 1994), precipitation of heavy metals from
wastewater (\Watson et al. 1994; Dunn and Friedman (1997), removing of radioactive
elements, actinides, and heavy metals from a solution (Kochen and Navratil, 1997),
removal of Cs (I) from radioactive waste (Ambashta et al. 2003), separation of
radioactive corrosion products and eventually reduce radiation exposure at nuclear power
plants (Song et al. 2004), heavy metals (chromium and lead) removal from synthetic
wastewater (Al-Qaissi, 2005), adsorption of water-soluble azo dyes (\Wu and Qu 2005),
elimination of the majority of hydrophilic compounds as well as a massive portion of
hydrophobic compounds from biological treatment secondary effluent (Zhang et al.
2006), removal of Hg(ll) from an aqueous solution (Bayramoglu and Arica 2007),
adsorption of methylene blue, red basic dye, blue basic dye, nonylphenol, and octylphenol
(Kurinobu et al. 2007), separation of wastewater with thin emulsion-bearing cutting oil
(Okaet al. 2009), removal of organic matter and nitrogen from the activated sludge using
municipal wastewater (Liu et al. 2013), removal of colour, TSS, and COD (Mohammed
et al. 2014), removal of heavy metals, fungicides, aromatic compounds, and colourants

(Salinas et al. 2018), removal of Congo red (CR) dye (Atta et al. 2019).
Experimental Apparatus, Materials, and Experimental Scheme
Experimental Apparatus

The experiments were carried out using an electromagnetic treatment system (EMT)
designed and constructed to conduct the present work. Figure (1) shows the schematic
diagram of the experimental apparatus that is designed to give a maximum magnetic flux

intensity of 1.5 T.
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Figure (1) Schematic diagram of the experimental
apparatus

Materials and Chemicals

Water Sample

Five samples of groundwater were taken from Samarra groundwater. Table (1) includes

some of the physical and chemical properties of these samples. All samples were taken

in March 2021.

Table (1) Some of the physical and chemical properties of groundwater samples

Sample| TDS, Total |Calcium| EC Temp. Cation (mg/L Anion (mg/L)
No. |mg/L h"’:;‘;;‘fss h?;‘;;‘ESSMC%‘SI PH e [caz Na|Mg?| K* | Fes* |sO& |HCOS| CI |POS| NO#
1. [2520] 1800 | 1250 |33707.41] 23.4 500|100 120 [19.5] 0.03 | 925 | 420 |345|18.08] 44.8
2. |2210| 1550 | 1075 |3050|7.73| 23.7 |430|86 |105| 16 |0.025| 840 | 360 |295| 16 | 40
3. [1840| 1300 | 900 |2540|7.26] 24 |360]|72| 88 | 14 |0.021] 670 | 315 |260| 13 | 32
4. |1500] 1050 | 613 |2315|7.01] 22.8 | 24561 98 |6.24] 0.02 | 450 | 310 |280]7.22 | 25
5. |1140| 800 | 463 |1560|7.20| 22.3 |185|51| 74 | 3.5 |0.015| 340 | 245 |190| 6 | 18

Magnetic Iron Oxide

Two types of magnetic nanoparticles are used in the present work, namely iron oxide

nanoparticle Maghemite (y-Fe.O3z) and Magnetite Fe3O4. In addition, a lot of chemicals

are used to perform the required tests. All tests were conducted according to (Baird and

Eaton 2017).

Experimental Scheme
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The studied parameters that affect the electromagnetic polarization technique are; inlet
hardness, contact time, and magnetic flux intensity. Table (2) includes the values of the
investigated operating parameters. The experimental work is performed through two

schemes that enable covering the operating parameters mentioned above.

Table (2) Values of the investigated operating parameters

Inlet hardness (mg/L) 800, 1050, 1300, 1550, 1800
Contact time (second) 5, 10, 20, 40, 60

Magnetic flux intensity ( Tesla) 0.5,0.75,1,1.25

First Scheme

A full factorial scheme is followed to perform the experimental work of the first

scheme which requires 200 experiments, 100 for plastic tube and 100 for copper tube.
Second Scheme

Depending on the results of the first scheme, the conditions that give the best hardness
removal are used to perform other sets of experiments with the use of two magnetic

nanoparticles (maghemite and magnetite) at various doses.
Results and Discussion

Results of the First Scheme

Effect of Contact Time on Hardness Removal Efficiency

Figures (2 and 3) represent a sample of the results which indicate the effect of contact
time on the removal efficiency under various operating parameters. These Figures
indicated that the removal efficiency is increased with the increase in contact time.
Yadollahpour (2014) and Moya & Botella, (2021) found that total hardness decreases
with the increase of contact time and with the increase of the magnetic flux intensity. This

is because increasing contact time will give more chance for crystallization and



precipitation. The increase in contact time will give more chance for the magnetic force
to do its action on hardness to be removed. The maximum removal efficiency for the
plastic tube was 23.75% obtained at a contact time of 60 sec., magnetic flux intensity of
1.25T, and inlet hardness of 800 mg/L. The corresponding removal for the copper tube
was 35.2% obtained at a contact time of 60 seconds, inlet hardness of 1050 mg/L, and
magnetic field strength of 1.25T. These results agree with those of Cho and Lee (2005),

Alla (2019), Kareemm (2019), Aljuboory (2020), and Jiang et al. (2022).
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Figure (2) Effect of contact time onthe removal  Figure (3) Effect of contact time on hardness removal
efficiency, inlet hardness 800mg/L, Plastic tube efficiency, inlet hardness 1800mg/L, Copper tube

Effect of Magnetic Flux Intensity on Hardness Removal Efficiency

A sample of the results is given in Figures (4 and 5). These Figures represent the effect
of the magnetic flux intensity on hardness removal efficiency. These Figures show that
the removal efficiency is increased with the increase of the magnetic flux intensity. The
presence of the magnetic force leads to a change in the crystalline shape of the water,
which puts the solution in a state of supersaturation, and this is the basic condition for the
salts to begin to crystallize. As soon as crystallization begins, the crystallized particles
that were small in size begin to gather to form larger crystals that are easy to be deposited

on the walls of the tube or the steel wool matrix (Cai et al, 2009; Al-Mawsili et al. (2010).



Increasing the magnetic flux intensity caused the CaCOg particles to adhere to each
other and form larger groups causing an increase in the precipitation of CaCOs3 (Al-Ibady
2015; Abdulrazzaq 2016; Al Helal et al, 2018). Yadollahpour (2014) and Moya &
Botella, (2021) found that total hardness decreases with the increase in the contact time
and with the increase in the intensity of the magnetic flux. Baker and Judd (1996) showed
that the increase of magnetic flux intensity leads to an increase in salt removal due to the
following: water molecules are electrically charged, having a small dipole and thus a
small dielectric constant. Exogenous electric and magnetic fields may affect this dipole.

The change in the electric dipole of water can result in a change in the physical properties

of water.
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Figure (4) Effect of magnetic flux intensity on the Figure (5) Effect of magnetic flux intensity on hardness
removal efficiency, inlet hardness 800mg/L, Plastic removal efficiency, inlet hardness 1800mg/L, Copper tube
tube

The maximum removal efficiency for the plastic tube was 23.75% obtained at a
magnetic field strength of 1.25 T, Contact time of 60 seconds, and Inlet hardness of
800mg/L while the corresponding removal for the copper tube was 35.2% under a
magnetic field strength of 1.25 T, Contact time of 60 seconds, and Inlet hardness of
1050mg/L. These results agree with the results obtained by Alimi et al. (2006); Banejad

& Abdosalehi (2009); and Al-joobury and Mahdi, (2020).



Effect of Inlet Hardness Concentration on Hardness Removal Efficiency

Figures (6 and 7) represent samples of the results that show the effect of inlet hardness
concentration on hardness removal efficiency. These Figures indicated that the general
trend is the decrease of removal efficiency with the increase of inlet hardness
concentration with some disturbance. These results agree with that of (Shahryari &
Pakshir, 2007; Al-Omari, 2019). However, it disobey that of Alla, (2019) since they used
different contact times and Neodymium permanent magnets. Fathi et al. (2006) stated that
an examination of the available literature on magnetic treatment often introduces
contradictory results depending on the operating parameters. Banejad & Abdosalehi
(2009) stated that water composition affects hardness removal. This composition depends
on the hardness and the applied magnetic field. Magnetic technology had a certain
maximum limit, beyond which it could do no more. Y. Zarga et al (2013) stated that
supersaturation represents the driving force of crystallization. Sedimentation can take
place as long as the crystallization process exists due to the presence of supersaturation
conditions. Therefore, no sedimentation can take place when the solution is in saturation
or under saturation conditions. Total hardness is the salts of carbonates, bicarbonates,
chlorides, sulfates, and nitrate ions. The predominant is the hardness of calcium and
magnesium ions. Sawaftah (2017) found that CaSO4 needs at least a magnetic flux
intensity of 2 T to be removed. Below this value, magnetic flux affects only bicarbonate
removal. Several studies demonstrated that magnetic water treatment influences
molecular and physicochemical properties of water that alter the quality of water (Alimi
et al, 2006). Fathi et al (2006) stated that a magnetic field changes the process of
sedimentation of calcium carbonate. This will explain why the maximum hardness

removal is 23.75%.



The highest removal efficiency for the plastic tube is 23.75% when the inlet hardness

is 800 mg/L, the contact time of 60 seconds, and the magnetic flux intensity is 1.25T. The

corresponding value for the copper tube is 35.2% when the inlet hardness is 1050 mg/L,

the contact time of 60 seconds, and the magnetic flux intensity is 1.25T.
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Figure (6) Effect of inlet hardness on Figure (7) Effect of inlet hardness on

hardness removal efficiency at 1T, Plastic hardness
Copper tube

tube

removal efficiency, at 1

Careful inspection of Table (3) indicated that Ca(HCOg)/total hardness ranged from

30.39-40.66% and the maximum removal efficiency range is 15.5-23.75% for plastic

tubes and 21.9-35.2% for copper tubes. This is because calcium bicarbonate is the most

affected by the magnetic force. This explains why the removal efficiency does not exceed

35%

Table (3) Calcium bicarbonate hardness and maximum removal efficiency

Total hardness,  Anticipated Ca(HCO:)/ Maximum .h"?‘rd”eff removal
No. mg/L Ca(HCO),, mg/L total _ efficiency,%
' hardness,% Plastic tube Copper tube

1. 1800 547.132 30.39 22.7 22.7
2. 1550 478 30.84 15.5 21.9
3. 1300 418.27 32.17 19.23 30

4. 1050 411.63 39.2 21.9 35.2
5. 800 325.32 40.66 23.75 32.5

A comparison between the results of the copper tube and the corresponding results of

the plastic tube indicated that the removal efficiency for a copper tube is always higher

25T,




than the corresponding removal efficiency obtained when using a plastic tube. Relative
magnetic permeability is the ratio between the permeability of a medium or substance to
the permeability of space. The magnetic permeability of copper is (1.256629 *10 ) H/m
and its relative magnetic permeability is (0.9999936) (Dean & Voss, 1999). For plastic,
the magnetic permeability is (1.25 *10 ©) H/m, and the relative magnetic permeability is
(0.9947180) (Thabet and Repetto, 2012). Because copper has higher relative permeability
than plastic, the magnetic flux lines that pass through copper are more than that for plastic.
This means that the solution passing the copper tube is subjected to a greater magnetic
force giving higher removal efficiency. The results agree with that of Baker and Judd

(1996); and Ambashta et al. (2011).
Results of the Second Scheme

In this scheme, two types of magnetic nanoparticles (y-Fe2Oz and FesO4) are added to
the groundwater at various concentrations (25, 100, and 200 mg/L) to investigate the
performance of magnetic treatment under the following operating parameters (inlet
hardness of 800 mg/L, magnetic field strength of 1.25 T, and contact time of 5-60 sec.).

The results are shown in Figures (8-11).

These Figures indicated that the hardness removal efficiency range is 18.86 - 30.12%
when y-Fe>Ozis used while itis 16.75-33% when Fez04is used. The corresponding range
for magnetic treatment alone is 20-32.5%. These data indicated that the addition of both
types of magnetic nanoparticles can not improve the hardness removal efficiency. This
may be due to the fact that there is no interaction between the soluble hardness
compounds and the magnetic nanoparticles. The main effect here is the magnetic force
which changes the saturation conditions of water and leads to the crystallization and
precipitation of part of the hardness compounds. Figures (8 and 9) indicate that the

removal efficiency is increased with the increase of contact time until 20 seconds beyond



which no appreciable improvement takes place. Increasing contact time gives more

chance for the hardness compounds to be crystallized and separated. Figures (10-11)

indicate that there are fluctuations in removal efficiency with the increase of dose. Adding

magnetic nanoparticles will add hardness since Fe will react with the anions present in

groundwater. This is the reason for the reduction of removal efficiency with the increase

of dose and explains why the removal efficiency without the addition of magnetic

nanoparticles is lower than that without its addition.
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Conclusions

The results of the present work proved that the hardness of groundwater can be
reduced. However, this reduction (about 32%) is not able to use the treated water for
many uses such as drinking or industrial. It may be able to be used for irrigation purposes.
Thus, this method can be used as a pre-treatment method. It is found that the contact time,
magnetic field intensity, and inlet hardness affect the hardness removal efficiency.
Moreover, adding magnetic nanoparticles (y-Fe.Oz and Fe3O4) reduces slightly hardness

removal.

List of abbriviation

ATM Anti-scale Magnetic treatment

COD Chemical oxygen demand

CR Congo red dye

CT Contact time

EMF Electromagnetic Fields

EMT Electromagnetic treatment system
MFI Magnetic field intensity

RO Reverse Osmosis

T Tesla

TDS Total dissolved solids

TSS Total suspended solids, and

Availability of data and materials

The datasets generated and/or analysed during the current study are available in the
[GROUNDWATER TREATMENT BY ELECTROMAGNETIC
POLARIZATION], [https://data.mendeley.com/datasets/7qfv32wiw/1]
References



https://data.mendeley.com/datasets/7gf9v32wfw/1

Abdulrazzaq, G. H.,(2016). Reducing the Water Hardness by Using Electromagnetic
Polarization Method, Al-Khwarizmi EngineeringJournal, Vol. 12, No. 4, Pp 111-
116

Aldoury M .M. I., Ismaeal N. N., and Mahdi M. J. (2022). Softening of Groundwater at
Samarra City by Electromagnetic Polarization. IOP Conf. Series: Earth and
Environmental Science vol(1120) No.1,p.( 012009).I0P publishing. Water
Resources in Iraq: Perspectives and Prognosis (ICWRPP 2022)

Al Helal, A., Soames, A., Gubner, R., Iglauer, S. and Barifcani, A., (2018). Influence of
Magnetic Fields on Calcium Carbonate Scaling In Aqueous Solutions at 150 °C
and 1 bar. J. Colloid Interf. Sci. 509, Pp. 472-484

Al-lbady, A. A. K, (2015). Influence of the Dipolar Magnetized Water on the Ecological
Factors of Freshwater Ostracod Cyprislaevis J. of Environmental Science,
Toxicology and Food Technology (IOSRJESTFT) 9 9 e-ISSN: 2319-2402, pISSN,
Pp 2319-2399

Alimi, F., Tlili, M., Gabrielli, C., Georges, M., Ben Amor, M., (2006). Effect of a
Magnetic Water Treatment on Homogeneous and Heterogeneous Precipitation of
Calcium Carbonate, water research, VVol.40, P1941- 1950

AL-Juboory, Y. H. O., and Mahdi, A. H., (2020). Treating Groundwater Salinity using
Magnetic Field Technology, Sys Rev Pharm,Vol.11 (9), Pp118-123

Alla E. H. (2019). Modification Properties Groundwater for Irrigation Use by Magnetic
Technique of Some Wells Kirkuk city. Kirkuk University Journal of Agricultural
Sciences, Vol. 10, No. 3. Pp 63-69

Al-Mawsili, M.A., (2009). Magnetized Water and its Importance in Soil and Plant,

AL-Omari, A. A., (2019), Effect of Magnetic Treatment on Temporary Hardness of

Groundwater, Asian Journal of Chemistry, Vol. 31, No. 5, Pp 1017-1021



Al-Qaissi, N.H.H., (2005). Magnetic Separation Technique for Heavy Metals Removal
from Wastewater, M.Sc. thesis submitted to the Environmental Engineering
Department, College of Engineering, Al- Mustansiriya University, Iraq

Ambashta, R.A., Repo, E., and Sillanp&a, M., (2011). Degradation of Tributyl Phosphate
Uusing Nanopowders of Iron and Iron-Nickel Under Influence of Stat Magnetic
Field. Ind. Eng. Chem. Res., Vol. 50, Pp 11771-11777

Atta, A. M., Moustafa, Y. M., Ezzat, A. O., and Hashem, A. 1., (2019). Novel Magnetic
Silica-lonic Liquid Nanocomposites for Wastewater Treatment, MDPI,
Nanomaterials, Vol. 10, 71. www.mdpi. com/ journal/nanomaterials

Baird R. B., and Eaton A. D. (2017). Standard Methods for the Examination of Water and
Wastewater (SMWW) (23rd edition, 2017). editors E.W. Rice E. W.

Baker, J.S. and Judd, S.J., (1996). Magnetic Amelioration of Scale Formation, J. of Water
Res., Vol. 30 No.2, Pp 247-260

Bali, M., and Gueddari, M., (2018). The Effect of Magnetic Treatment on the
Physicochemical and Microbiological Characteristics of Hard Water, Separation
Science and Technology. Vo3. 53,2018, Issue 4.

Banejad, H. and Abdosalehi, E. (2009). The Effect of Magnetic Field on Water Hardness
Reducing. 13" International Water Technology Conference, IWTC 13, Hurghada,
12-15 March 2009, 117.

Carbonate Precipitation, J. of Water Res., Vol.32 (3), Pp. 609-612

Bayramoglu, G. and Arica, M.Y., (2007). Kinetics of Mercury lons Removal from
Synthetic Aqueous Solutions using by Novel Magnetic (GMA-A-EGDMA) Beads,
Journal of Hazardous Materials, VVol. 144, Issue 1-2, Pp. 449-457

Bolto, B.A., (1990). Magnetic Particle Technology for Wastewater Treatment, J. of

Waste Management, Vol. 10, Issue 1, Pp. 11-21


https://www.amazon.com/s/ref=dp_byline_sr_book_1?ie=UTF8&field-author=R.B.+Baird&text=R.B.+Baird&sort=relevancerank&search-alias=books
https://www.amazon.com/s/ref=dp_byline_sr_book_2?ie=UTF8&field-author=A.D.+Eaton&text=A.D.+Eaton&sort=relevancerank&search-alias=books
https://www.amazon.com/s/ref=dp_byline_sr_book_3?ie=UTF8&field-author=editors+E.W.+Rice&text=editors+E.W.+Rice&sort=relevancerank&search-alias=books

Bolto, B.A., (1996). Magnetic Particle Technology, Desalination, VVol.106, Pp137-143

Busch, K.W. and Busch, M.A., (1997). Laboratory Studies on Magnetic Water Treatment
and Their Relationship to a Possible Mechanism for Scale Reduction,
Desalination, VVol.109 (2), Pp 131-148.

Cai, R,, Yang, H., He, J. and Zhu, W.,(2009). The Effects of Magnetic Fields on Water
Molecular Hydrogen Bonds, J. of Molecular Structure, Vol. 938, Pp 15-19

Chen, W.Y., Anderson, Paul. R. and Holsen, T.M., (1991). Recovery and Recycle of
Metals from Wastewater with a Magnetite-Based Adsorption Process, Research J.
of the Water Pollution Control Federation. Vol. 63, No. 7, Pp. 958-964

Chin, C. J. M. and Fan, Z. G., (2010). Magnetic Seeding Aggregation of High Turbid
Source Water, J. of Environmental Engineering and Management, 20, Pp 145-150

Cho, Y. I. and Lee, S.-H., (2005). Reduction in the Surface Tension of Water Due
toPphysical Water Treatment for Fouling Control in Heat exchangers. Int.
Commun. Heat. Mass 32, Pp. 1-9

Dean, A. and Voss, D., (1999). Design and Analysis of Experiments, Springer-Verlag,
Newyork, Inc.

Dunn, M.J. and Friedman, C.S, (1997). Partnership to Build a MAG*SEPSM Particle
Production Facility, Selective environmental technologies, Inc., “Selentec”.

Fathi A., Mohamed T., Ben Amor M., Claude G., and George M. (2006). Influence of
Magnetic Field on Calcium Carbonate Precipitation. Conference on Desalination
Strategies in South Mediterranean Countries: European Desalination Society and
the University of Montpellier 11, Montpellier, France, 21-25 May 2006.

Goldsworthy, A., Whitney, H. and Morris, E., (1990). Biological Effect of Physically

Conditioned Water, Water Research J., Vol. 33, Pp 1618-1626



Jiang, W., Xu, X., David J., Lu, L., Huiyao, W., and Pei,X., (2022). Effectiveness and
Mechanisms of Electromagnetic Field on Reverse Osmosis Membrane Scaling
Control During Brackish Groundwater Desalination, Separation and Purification
Technology, Vol. 280, 119823

Kareemm, O. H., (2019). Magnetic Treated Drainage Water Characteristic for
Agricultural Use, M.Sc. Science in Environmental Engineering, University of
Technology, Iraq

Kochen, R.L. and Navratil, J.D., (1997). Removal of Radioactive Materials and Heavy
Metals from Water Using Magnetic Resin, US Patent 5,595,666

Kobe, S., Drazi’c, G., Cefalas, A.C., Sarantopoulou, E. and Strazisar, J., (2002).
Nucleation and Crystallization of CaCOz in Applied Magnetic Fields, Cryst. Eng.
Vol. 5, Pp. 243-253

Kurinobu, S., Tsurusaki, K., Natui, Y., Kimata, M. and Hasegawa, M.,(2007).
Decomposition of Pollutants in Wastewater using Magnetic Photocatalyst
Particles, J. of Magnetism and Magnetic Materials, VVol. 310, Issue 2, Part 3, Pp
1025-1027

Liu, Zhimei. Liang, Zhen. Wu, Shengjun. Liu, Feng. , (2013). Treatment of Municipal
Wastewater by a Magnetic Activated Sludge Device, Desalination and Water
Treatment, Vol. 53, 2015, Issue 4. Pp 1-10.

Lu Lin , Wenbin Jiang , Xuesong Xu, and Pei Xu (2020). A Critical Review of the
Application of Electromagnetic Fields for Scaling Control in Water Systems:
Mechanisms, Characterization, and Operation. npj Clean Water (2020) 3:25.

Maggard, S.M., (1989). A Chemometric Analysis of a Magnetic Water Treatment Device,
Baylor University, A Bell & Howell Information Company 300 North Zeeb road,

Ann Arbor, M1 48106-1346 USA.



Mahdi, M. J., (2008). Study of Groundwater in Samarra, Trying to Improve its Quality
by Chemical Precipitation and lon Exchange, M.Sc. a Thesis, Civil Engineering,
Tikrit University, Iraq

Mohammed, R.R., Ketabchi, M. R., and Mckay,G., (2014). Combined Magnetic Field
and Adsorption Process for Treatment of Biologically Treated Palm Oil Mill
Effluent (POME), Chemical Engineering J. Vol. 243, Pp. 31-42

Moya, S. M., and Botella, N. B., (2021). Review of Techniques to Reduce and Prevent
Carbonate Scale, Prospecting in Water Treatment by Magnetism and
Electromagnetism. Water ,Volume 13, Issue 17,2365. Pp 1-27

Navratil, J.D., and Tsair, M.T.Sh, (2002). Magnetic Separation of Iron and Heavy Metals
from Water, Water Science and Technology, Vol. 47, No.1, Pp.29-32

Oka, T., Kanayama, H., Tanaka, K., Fukui, S., Ogawa, J., Sato, T., Ooizumi,M.,
Terasawa, T., Itoh, Y., and Yabuno, R., (2009). Waste Water Purification by
Magnetic Separation Technique Using HTS Bulk Magnet System, Physica C, Vol.
469, No. (15-20), Pp1849-1852

Okazaki, T., Umeki, S., Orii, T., Ikeya, R., Sakaguchi, A., Yamamoto,T., Watanabe, T.,
Ueda, A., and Kuramitz, H., (2019). Investigation of the Effects of Electromagnetic
Field Treatment of Hot Spring Water for Scale Inhibition Using a Fibre Optic
Sensor, Scientific Reports, (2019) 9:10719, Pp 1-8

Qian Lei, Ezinwa Elele, and Yueyang Shen, John Tang (2023). Evaluating the Efficiency
of Magnetic Treatment for Feed Water in Reverse Osmosis Processes.

Membranes 2023, 13, 641
Quhtani, H., (1996). Effect of Magnetic Treatment on Gulf Seawater, Desalination,

Vol.107, Pp 75-81


https://www.mdpi.com/journal/water
https://www.mdpi.com/2073-4441/13
https://www.mdpi.com/2073-4441/13/17
https://www.researchgate.net/scientific-contributions/Qian-Lei-2149097288?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoicHVibGljYXRpb24ifX0
https://www.researchgate.net/scientific-contributions/Ezinwa-Elele-58589500
https://www.researchgate.net/profile/Yueyang-Shen-2?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoicHVibGljYXRpb24ifX0
https://www.researchgate.net/scientific-contributions/John-Tang-2149105467

Sakai, Y., Nitta, Y. and Takahashi, F., (1994). A Submerged Filter System Consisting of
Magnetic Tubular Support Media Covered With A Biofilm Fixed By Magnetic
Force, Water Research, Vol. 28, Issue 5, Pp. 1175-1179

Salinas, T., Durruty, I., Arciniegas, L., Pasquevich, G., Lanfranconi, M., Orsi, I., Alvarez,
V., Bonanni, S, (2018). Design and Testing of a Pilot-scale Magnetic Separator
for the Treatment of Textile Dyeing Wastewater, J. of  Environmental
Management, Vol. 218, Pp 562-568

Sawaftah N. T. Y. (2017). Optimization of Calcium Sulfate Scale Reduction Using
Magnetic Field. M.SC. Thesis, An-Najah National University Faculty of Graduate
Studies

Sergio M. M., and Nuria B. B. (2021). Review of Techniques to Reduce and Prevent
Carbonate Scale. Prospecting in Water Treatment by Magnetism and
Electromagnetism.  Water 2021, 13(17),  2365; https://doi.org/  10.3390/
w13172365

Shahryari, A., Pakshir, M., (2007). Influence of a Modulated Electromagnetic Field on
Fouling In a Double-Pipe Heat Exchanger, J. Mater. Process. Technol., Vol.3,
Pp.389-395

Sirine Ben Latifa, Heléne Cheap-Charpentier, Hubert Perrot, Yasser Ben Amor (2023).
Effects of Magnetic Field on Homogeneous and Heterogeneous Precipitation of
Calcium Carbonate. ChemElectroChem, Volumel0, Issuel4 July 17, 2023

Song, M., Kim, S., and Lee, K., (2004). Development of a Magnetic Filter System Using
Permanent Magnets for Separating Radioactive Corrosion Products from Nuclear
Power Plants, Separation Science and Technology,Vol. 39, Issue 5, Pp. 1037 -

1057


https://sciprofiles.com/profile/905768?utm_source=mdpi.com&utm_medium=website&utm_campaign=avatar_name
https://sciprofiles.com/profile/1401477?utm_source=mdpi.com&utm_medium=website&utm_campaign=avatar_name
https://doi.org/%2010.3390/%20w13172365
https://doi.org/%2010.3390/%20w13172365
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Latifa/Sirine+Ben
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Cheap%E2%80%90Charpentier/H%C3%A9l%C3%A8ne
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Perrot/Hubert
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Amor/Yasser+Ben
https://chemistry-europe.onlinelibrary.wiley.com/toc/21960216/2023/10/14

Tantawy, M. A., Alomari, A. A., Alghamdi, H. M. A, Alzahraniand, R. S A., Alsehami,
S. M. A.,(2015). Reducing Formation of CaCOz Scales of Groundwater by
Magnetic Treatment, International J. of Engineering Research & Technology
(JERT), Vol. 4, Issue 01, Pp 824-828

Thabet A. and Repetto M. (2014). A Theoretical Investigation on Effective
Ermeability of New Magnetic Composite Materials, International Journal on
Electrical Engineering and Informatics - Volume 6, Number 3, September
2014, pp 521-531

Tuutijarvi, T., (2013). Arsenate Removal from Water by Adsorption with Magnetic
Nanoparticles (y -Fe203z), Aalto University, School of Engineering, PhD Thesis,
Aalto, Finland.

Watson, J.H.P., Atkinson, G. and Potts, R., (1980). Purification of Iron Containing Water
River by High Gradient Magnetic Separation, IEEE Transactions on Magnetics,
Vol.16, No.5, Pp 940-942

Watson, J. H. P. and Ellwood, D. C., (1994). Biomagnetic Separation and Extraction
Process for Heavy Metals from Solution, Minerals Engineering J., Vol.7, Issue 8,
Pp 1017-1028.

Wu, R. and Qu, J., (2005). Removal of Water-Soluble Azo Dye by the Magnetic Material
MnFe>04, J. Chem. Tech and Biotech, Vol. 80, Pp 20 -27

Y. Zarga, H. Ben Boubaker, N. Ghaffour, n , H. Elfil (2013). Study of Calcium
Carbonate and Sulfate Co-precipitation, Chemical Engineering Science,
Volume 96, 7 June 2013, pp 33-41

Yadollahpour A., Samaneh, R., Zohre, R. and Mostafa, J., (2014). Magnetic Water

Treatment in Environmental Management: A Review of the Recent Advances and


https://www.sciencedirect.com/journal/chemical-engineering-science
https://www.sciencedirect.com/journal/chemical-engineering-science/vol/96/suppl/C

Future Perspectives, Journal of Current World Environment, Vol. 9(3), Pp 1008-
1016

Zeng, D., Zhenyi,F., Min, W. Y, Li., and Musen, Li.,(2013). Application of Physical
Polarization Water Treatment Technology on Circulating Cooling Water System
of Power Plant, Advanced Materials Research, VVols. 726-731, Pp 606-609

Zhang, R., Vigneswaran, S., Ngo, H.H. and Nguyen, H., (2006). Magneticlion Exchange
(MIEX®) Resin as a PreTtreatment to a Submerged Membrane System in the
Treatment of Biologically Treated Wastewater, Desalination, VVol. 192, Issues 1-3,

Pp 296-302.



