
Introduction

Scale deposits in water systems of industrial plants 
often lead to serious technical problems and economic 
losses through decreasing thermal transfer efficiency 
in heat exchangers and shortening the equipment life  
[1, 2]. Scales encountered in industrial applications 
include CaCO3, CaSO4, SrSO4, and BaSO4, amongst 
which CaCO3 is the most common constituent [3-5]. 

Both chemical and physical treatment techniques were 
used in the past to inhibit scale formation. EMF is 
one of the typical physical anti-scaling methods that 
has attracted growing attention from lab researchers 
and field engineers due to its high efficiency and 
environmental protection.

Since the 1980s, over 4,000 studies about anti-
scaling and anti-fouling with EMF have been reported 
[2, 6, 7]. EMF has proved its anti-scaling effectiveness 
through numerous applications and publications, 
indicating that EMF is an indispensable technique to 
control scale [8]. It was proposed that the EMF can 
accelerate the precipitation of mineral salts in bulk 
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Electromagnetic field (EMF) treatment has demonstrated its superior efficiency and great potential 
in inhibiting scale formation in industrial plants. Despite the numerous studies focusing on improving 
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solution and significantly reduce scale formation on 
pipes, heat exchangers and reverse osmosis (RO) 
membrane systems [9-12]. Efforts to further clarify the 
function mechanism of EMF are still ongoing for the 
enrichment of the associated scientific theory and the 
optimization of industrial applications.

Frequency is one of three essential properties of 
EMF that could affect the anti-scaling efficiency [6]. 
However, up to date, it has not been fully scientifically 
demonstrated how the frequency of EMF influences 
the anti-scaling process. Okazaki et al. [9] investigated 
the electromagnetic field treatment of hot spring water 
for scale inhibition and found that scale formation 
was inhibited when the frequencies of the applied 
electromagnetic field had value of 8 kHz, however, 
enhanced scale formation was found for frequencies  of 
4 and 6 kHz. Carnahan et al. [13] studied the effects 
of EMF frequency on salt and water transport in 
commercial and lab-scale RO membranes. Probably 
due to the frequency being too low, during more than 
500 hours of operation, they observed no difference 
in salt permeability when the frequency of EMF was 
varied from 40 to 300 Hz. Tijing et al. [14] found 
that the efficiency of EMF in the precipitation of 
fouling increased with the increase of frequency. They 
suggested that ions had more probability of colliding 
at a higher frequency; thus, the scale precipitation 
rate in the bulk water was accelerated. Wang et al. 
[15] investigated the vibration of solubility of calcium 
carbonate with an EMF frequency of 1 kHz, 10.3 kHz, 
and 15.4 kHz; the best result was observed when the 
frequency was 1 kHz. They explained that hydrogen 
bond has an increased probability of being broken apart 
when the frequency of EMF is the same as that of the 
natural frequency of water. Chen et al. [16] noticed 
that the formation process of scales was different for 
different frequencies. So they suggested that CaCO3 
scale formation could either be enhanced or prohibited, 
or the scale structure being changed, depending on the 
specific frequency value. 

Compared with the fixed frequency EMF treatment, 
a sweep frequency EMF treatment was suggested to 
have a better anti-scaling performance [16-18]. Xia 
also held the same idea and pointed out that circulating 
water magnetization losses occurred under the fixed 
frequency pulsed square wave magnetic field. The 
higher the frequency, the higher magnetization loss 
was [19]. Chen et al. [20] investigated the anti-fouling 
performance on the heat exchanger surface under 
sweep frequency of EMF at 1~13 kHz and 13~25 kHz. 
They found that the calcite mass fraction in the scale 
sample decreased from 100% to 65.31%, and the mass 
fraction of aragonite increased to 34.69%. The scale 
became loose and could be washed away more easily 
at 13~25 kHz. The relationship between the anti-scaling 
performance and different sweep frequencies was not 
investigated. To elucidate the underlying mechanism of 
sweep frequency affecting the scale formation processes 
remains the problem to be solved.

Based on our previous studies of optimizing the 
output parameters of an EMF device [21, 22], this work 
aimed to further explore the effect of sweep frequency 
EMF on the CaCO3 scale formation. An extended range 
of sweep frequency EMF treatment was applied to the 
simulated industrial hard water solution, which flowed 
through the test section by a circulating device. The 
variation of solution pH, conductivity, particle diameter 
distribution, scale thickness, and the mass increase of 
the coupon was measured. The effect mechanism of 
sweep frequency on the scale formation process was 
discussed.

Material and Methods

Experimental Setup

The setup used in experiments is shown in Fig. 1 
[22]. The system was composed of an EMF control 
unit, a PVC pipe (the radius was 100 mm), and  
100-turn tightly wound coils. The coils were made up 
of a polyvinyl chloride insulated flexible cable with  
a copper core, which had a conductor diameter of  
5.3 mm and an insulation layer thickness of 0.8 mm. 

For the experimental group, the output sweep 
frequency of the EMF control unit was set to 65~70 kHz, 
70~75 kHz, 75~80 kHz, and 80~85 kHz, respectively. 
The output voltage was 60 V, and the output waveform 
was a square wave. Fig. 2 shows an example of how 
the EMF control unit works. The output frequency 
continually increased from the low frequency (Fd) to 
the high frequency (Fu), the number of periods of each 
frequency (n) was one, and the frequency step gain 
(h) was 500. When the high frequency was reached, it 
returned to the low frequency and started a new cycle. 
The experiment without the EMF treatment was used as 
the control group. 

In this study, a Seven ExcellenceTM tester (Mettler 
Toledo) was used to measure the solution pH and 
conductivity. The test range of the conductivity tester 
was 0.1-9999 μS/cm, and the measurement accuracy 
was ±5%. The measuring range of the pH tester 
was -2 to 20, and the limit of measurement error 
was ±0.002. Meanwhile, the particle diameter in the 
solution was detected by a laser particle size analyzer 
(Winner 2003A, Winner Particle Instrument Company), 
and its detection range was 0.1-2000 μm. The laser 
profile sensor used to measure scale thickness in this 
experiment was LP-S5050, and the data processing 
software was LP-GUIDE2. The weight of coupons was 
weighted by an electronic balance (JA2003), which has 
an accuracy of 1 mg. 

Material and Testing Methods

As the most common constituent of scales in 
industrial circulating water systems, CaCO3 was added 
to tap water to simulate the hard water solution. In this 
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study, 111 g CaCl2 and 168 g NaHCO3 were added to 
100 L tap water so that the hardness of the solution was 
1000 ppm of CaCO3. The temperature of the solution 
was maintained at 25±2ºC. As shown in Fig. 1, the hard 
water solution was transported from the water tank to 
the test section by a pump and then flowed back to the 
water tank. The flow velocity was 0.6 m/s.

In the test section, a coupon was installed close to 
the solenoid coil to study the CaCO3 scale formation rate 
on the steel surface under the treatment of EMF. The 
material of the coupon was stainless steel (18% Cr, 9% 
Ni and 70% Fe) with a dimension was 38 mm×15 mm 
2 mm. The surface of the coupon was ground from 
smooth to rough with an abrasive paper (120 Cw), 
aiming to accelerate the scaling process [23]. Due to the 
heating effect of EMF on high magnetic permeability 
materials, the stainless steel coupon could have an 
increase in the temperature. To reduce this effect, 
putting the stainless coupon in a position away from 
the solenoid coil, or using coupons made of copper or 
plastic materials are suggested.

As soon as the experiment began, 200 ml of test 
solution sample was collected every 10 minutes for pH 
and conductivity measurement in the first hour. Then, 
the same process was repeated every 30 minutes for the 
next 3 hours. After the experiment, particle diameter 
in the solution was measured by the laser particle 
size analyzer. The coupons were removed from the 
test section and dried in a drying oven. The distance 
between the laser source and test bench was set to 40 
mm, and the coupons were put on the test bench to 
observe the distance of specimens to the laser source. 
Then, the coupons were weighted by the electronic 
balance. The weight of the coupon was recorded as G1 
(the initial weight of the coupon was recorded as G0). 
The scale formation rate was calculated through Eqn. 1 
as follows:

1 0

0

( ) 100%G GD
G
−= ×

            (1)

Fig. 2. An example showing the working logic of the output sweep frequency.

Fig. 1. A schematic diagram of the circulating flow test device.
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Results and Discussion

Variation of Current in the Solenoid Coil

The current in the solenoid coil was recorded, 
and the average current was determined by averaging 
the maximum and minimum current for the sweep 
frequency range. The average current under different 
sweep frequencies is shown in Fig. 3. It shows that the 
average current decreases when the sweep frequency is 
increased. This is because induction resistance in the 
solenoid coil increased with the increasing frequency. 
When a constant voltage is applied, the current thus 
decreases.

Variation of Solution pH Value

The solution pH after EMF treatment with different 
sweep frequencies is shown in Fig. 4. For all the testing 
conditions, with or without EMF treatment, solution pH 
decreased as the testing time was increased. For the first 
60 minutes, the pH values of the hard water solution in 
all experiments decreased significantly. After that, the 
pH value continued to drop but at a relatively lower rate 
and became stable after 240 minutes. 

The decrease of solution pH is attributable to the 
formation of CaCO3, as shown in Eqn. 2, which includes 
the following reactions  (Eqn. 3-6) [24]:

2 3 3 2 3CaCl +2NaHCO CaCO +H CO +2NaCl←→ ↓ (2)

- -
2 3 2 3H O+HCO OH +H CO←→        (3)

2+ -
3 3 2 3Ca +2HCO CaCO +H CO←→       (4)

2+ 2-
3 3Ca +CO CaCOspK←→              (5)

- +
2 3 3H CO HCO +H←→                 (6)

The solution was alkaline (pH = 7.8) at first due 
to the high concentration of bicarbonate ions. Fig. 5 
shows the fraction of carbonate acid, bicarbonate, and 
carbonate in the solution as a function of pH at 25ºC 
[25]. At the pH range of 7.1~7.8, HCO3

– is the dominant 
ion in the solution, followed by CO2/H2CO3 and CO3

2–

, which is ranked by the concentration value of these 
species. The negligible concentration of CO3

2– ion 
determines that the Eqn. 4 could be the primary route 
for forming the CaCO3 scale. 

At the beginning of the experiment, CaCO3 scale 
forms quickly due to the high concentration of Ca2+ and 
HCO3

-. The scale continues to form until the formation 
rate of CaCO3 equals its dissolution rate. During this 
process, both the concentration of Ca2+ and HCO3

- 
gradually decreases, the formation rate of CaCO3 scale 
also decreases. Therefore, the solution pH drop rate 
becomes more and more slowly.

The pH drop in the control group was smaller than 
that with the EMF treatment, showing that the formation 
rate of CaCO3 scale in the hard water solution with 
EMF treatment is higher than that of the control group. 
And the pH drop varied after the EMF treatment with 
different sweep frequencies, i.e., a higher pH drop was 
associated with a lower sweep frequency. Obviously, 
the sweep frequency of EMF does affect the scale 
formation process, as the results observed elsewhere 
in the literature [14-16], the possible mechanism is 
discussed in a later section of this work.

Variation of Solution Conductivity

Variation of solution conductivity of hard water 
solution after the EMF treatment with different sweep 

Fig. 3. Average current in the solenoid coil under different sweep 
frequency.

Fig. 4. Variation of solution pH with EMF treatment of different 
sweep frequencies.
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frequencies is shown in Fig. 6. It can be found that 
the variation of solution conductivity as a function of 
EMF sweep frequency follows the same trend as that 
of the solution pH. For all the test conditions, solution 
conductivity decreased as test time was prolonged. The 
decrease rate was relatively fast for the first 60 minutes 
and then became more and more slowly. Compared 
with the control group, the solution conductivity 
values of the hard water solution with EMF treatment 
were lower. The solution conductivity values were 
also different when the sweep frequency was varied.  
A lower conductivity was associated with a lower sweep 
frequency. 

Solution conductivity is proportional to the total 
concentration of all charged ions in the solution. So a 
high solution conductivity means a high concentration 
of charged ions in the solution. The formation process of 
the CaCO3 scale, as indicated in Eqn. 4, is a charged ion 

neutralization process. Therefore, solution conductivity 
gradually decreased as the formation of CaCO3 process 
proceeded, and the decrease rate was affected by 
the decrease of the formation rate. The variation of 
solution conductivity is thus another evidence of the 
effectiveness of EMF on scale formation.

Variation of Particle Diameter

As shown in Fig. 7, the diameter of particles in 
the hard water solution was between 0.7 and 50 μm.  
The curves of particle diameter distribution after 
the EMF treatment are all at the right of the curve of 
the control group. This result indicates that particle 
diameters were larger after the treatment with EMF. 
And as the sweep frequency decreased, these curves 
gradually moved to the right, which means the particle 
size grew bigger. Besides, the curve peak dropped 

Fig. 6. Variation of solution conductivity with EMF treatment of 
different sweep frequencies.

Fig. 7. The particle size distribution of the dynamic experiment.

Fig. 5. Fraction of species in the carbonized solution as a function of solution pH at 25ºC 
(Reproduced with permission from [25] , © MDPI 2021).
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slowly in general when sweep frequency was smaller, 
indicating that the difference in the diameter of particles 
gradually became smaller. 

The average particle diameter in the hard water 
solution after the EMF treatment for 240 minutes was 
calculated and summarized in Table 1. It illustrates 
that the average particle diameter increased with the 
decrease of sweep frequency. Similar results were also 
observed by other researchers [26, 27]. Donaldson 
et al. [26] attributed this phenomenon to the effect 
of electromagnetic fields on the nucleation process.  
Yang et al. [27] proposed that electromagnetic field 
increased the nucleation rate, and increased the diameter 
by 10% ~30%. 

Generally, nucleation and growth are the 
two processes of scale formation [28], in which 
supersaturation (SS) is a precondition [2]. SS can be 
calculated by [Ca2+][CO3

2–]/Ksp (Ksp is the solubility of 
CaCO3). To meet the condition of promoting the growth 
process, SS should always be greater than 1, then a 
large [Ca2+][CO3

2–] or a smaller Ksp is expected. [Ca2+] 
and [CO3

2–] become smaller as precipitation proceeds, 
especially when [Ca2+] and [CO3

2–] are not replenished 
in the solution, which is the case in this work. So Ksp is 
supposed to decrease after the treatment of EMF. 

Variation of Weight and Thickness of the Scales 
on the Coupons

The thickness and weight of the scale formed on 
the steel coupons were measured after exposure to the 
hard water solution. The thickness of scales on the 
steel coupons cannot be measured directly. Instead, it 
was calculated by subtracting the distance between the 
laser source and the initial coupon from the distance 
between the laser source and the coupon with scales. 
The distance between the laser source and all coupons 
under all sweep frequencies is shown in Fig. 8, 
which shows that the distance from the surface of the 
coupons to the laser source gradually became smaller. 
This result means scales formed on the steel coupon 
surface. The distance is smaller for coupons after EMF 
treatment, compared with that of the control group.  
In addition, the distance for coupons under lower sweep 
frequency EMF treatment is smaller than that with high 
sweep frequencies. So more scales were formed on the 
steel coupon surface after EMF treatment, especially 
under lower sweep frequencies. The average thickness 
of scales on the steel coupons was calculated and was 
summarized in Table 1. The weight of the steel coupons 

after exposure in the hard water solution was measured, 
with which the scale formation rate was calculated and 
summarized in Table 1. It shows that the scale formation 
rate is higher after being treated with EMF than the 
control group. Scale formation rate was different for 
different sweep frequencies, and a relatively higher 
scale formation rate was seen for a smaller sweep 
frequency. Basically, this result was consistent with the 
trend of the scale thickness. 

There are two crystallization pathways for 
scale formation, surface crystallization and bulk 
crystallization [6]. The former is also called 
heterogeneous crystallization that happens on the 
surface, while the latter is called homogeneous 
crystallization, which mainly happens in the solution. 
According to the enhanced pH drop, conductivity 
drop, and larger particle diameter, it can be concluded 
that homogeneous crystallization was promoted in the 
presence of the sweep frequency EMF. Although more 
scales formed on the coupon surface after the EMF 
treatment, it doesn’t mean the EMF treatment promotes 
heterogeneous crystallization. When a coupon is put 
in the test section, the electromagnetic field generated 
from the solenoid coil will affect the water molecules 
and ions in the solution and the stainless steel coupon. 
For the steel coupon, the solenoid coil with high 
sweep frequency acts as a heater, which is similar to 
the working mechanism of an induction cooktop. An 
increase in temperature could cause a faster rate of 

Table 1. Parameters of particles in the solution and scale formation after treatment for 240 min.

Fig. 8. The distance between the laser source and coupons after 
EMF treatment with different sweep frequencies.

Control group 65~70 kHz 70~75 kHz 75~80 kHz 80~85 kHz

Average particle diameter (μm) 8.35 15.24 13.96 12.16 10.88

Scale thickness, d (mm) 0.85 3.64 2.76 2.12 1.72

Scale formation rate,  D (%) 2% 73% 58% 41% 31%
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surface scaling. CaCO3 scale will thus preferentially 
form on the hot surface. As a result, more scales were 
formed on the coupons treated by the sweep frequency 
EMF than the control group. 

Effect of Sweep Frequency EMF Treatment 
on the Scaling Process

A correlation analysis was made based on the 
above-mentioned experimental results (as summarized 
in the Appendix). The Pearson’s correlation coefficients 
between sweep frequency and various factors, including 
average current, pH drop, conductivity drop, average 
particle diameter, scale thickness, and weight change 
rate, were determined using the Data Analysis tool 
embedded in Microsoft Excel software [29] and are 
shown in Table 2. Considering that the average current 
is also an important factor for the water treatment, as it 
is proportional to the energy output of the EMF device 
and the induction magnetic field intensity in the hard 
water solution, the Pearson’s correlation coefficients 
between the average current and those factors were also 
determined.

As mentioned above, the average current decreased 
with the increasing sweep frequency. Accordingly, the 
correlation coefficient between the sweep frequency and 
the average current was negative, i.e., -0.954, indicating 
an inverse correlation. Since this value is very close to 
-1, the correlation between the sweep frequency and the 
average current is significant. 

From Table 2, it can be found that the sweep 
frequency always has a more significant correlation 
coefficient with the pH drop, conductivity drop, and 
so on, than that of the average current, indicating  
a more pronounced effect of sweep frequency on  
the scale formation process. This result once again 
proved the significant role of frequency as one of 
the three essential properties of EMF in anti-scaling 
applications.

Despite the inconsistent results of the anti-scaling 
performance of EMF treatment in the literature, the 
EMF was commonly believed to affect the scale 
formation process by two distinct mechanisms: 
hydration effects and magnetohydrodynamic 

phenomena [30]. For the hydration effect, the magnetic 
field exerted on the solution alters the hydrating 
structure of water molecules in the vicinity of the 
ions, including changing the orientation of proton spin 
and breaking large water molecule groups into small 
ones, thus promoting mobility of Ca2+ and HCO3

- ions. 
Magnetohydrodynamic phenomena are based on the 
Lorentz forces that exit when the fluid flows and the 
EMF is present. The motion of charged species in the 
solution can be affected by the Lorentz force when they 
pass through the EMF as [31]:

v B sinLF q qvB θ= × =
             (7)

where FL is the magnitude of the Lorentz forces, q is 
the number of charge, v is the flow velocity, B is the 
magnetic field strength, and θ is the angle between v and 
B vectors. 

When a time-varying magnetic field is produced 
in the cavity of a solenoid coil due to the alternating 
electric current, an electric field is induced 
simultaneously, according to Faraday’s law:

                (8)

where E is the induced electric field intensity vector, l is 
the circumferential vector, c is an arbitrary closed path, 
and S is the curved surface vector with the border of c. 

The combined effects from the EMF treatment 
stimulate all charged species in the test solution, 
including calcium ions and bicarbonate ions, causing a 
faster collision frequency. Therefore, the probability and 
efficiency of CaCO3 precipitation are enhanced, with 
an increase in both the precipitate size and quantity.  
A larger decrease of solution pH and conductivity after 
EMF treatment was thus observed in the presence of 
EMF.

Since the magnetic intensity is proportional to 
the current, thus it is negatively correlated with the 
frequency of EMF when the output voltage remains 
unchanged. The inductive magnetic intensity decreases 
when the sweep frequency increases, which means both 
the hydration effect and the magnetohydrodynamic 
phenomena decrease. Although there is a high variation 
rate of the magnetic field at a high sweep frequency, 
the reduced electric field intensity also decreases due 
to the decreasing magnetic intensity. As a result, the 
precipitation rate and crystal size under high sweep 
frequency are lower than that of low sweep frequencies. 

It seems that when the output voltage keeps constant, 
a lower sweep frequency is better for the EMF treatment 
of the hard water solution. However, this is not always 
true as the effect of EMF is very complex. For example, 
it was suggested that when the sweep frequency equals 
the frequency of water molecules, the water molecule 
groups are more easily to break due to the resonance 
effect. Thus ions are more easily to be released from 

Table 2. Pearson’s correlation coefficients between various 
factors.

Sweep 
frequency

Average 
current

Average current -0.954 --

pH drop -0.986 0.965

Conductivity drop -0.994 0.980

Average particle diameter -0.998 0.942

Scale thickness -0.986 0.984

Weight change rate -0.995 0.961
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the water molecule group. Because the frequency of 
natural water molecules is affected by many factors, 
including temperature, pH, hardness, etc., it is difficult, 
if not possible, to determine the exact frequency value. 
If the sweep frequency happens to equal this value, the 
precipitation is sure to be enhanced. However, the effect 
of sweep frequency is still open to further study to 
illustrate the exact mechanism, which is the motivation 
for our ongoing studies.

Conclusions

In this work, experimental studies were performed 
to study the effect of the sweep frequency EMF 

treatment on the formation of CaCO3 under circulating 
flow conditions. The results showed that the sweep 
frequency EMF could stimulate the homogeneous 
crystallization of CaCO3 in the simulated hard water 
solution, in which the direct reaction between Ca2+ 
and HCO3

- was the primary reaction route. The sweep 
frequency has a more pronounced effect on the scale 
formation process than the output current of the EMF 
device. The sweep frequency EMF treatment increased 
the mobility of Ca2+ and HCO3

- ions and introduced 
various forces, thus causing a high collision rate, which 
is beneficial for the CaCO3 scale formation. Although 
the sweep frequency was inversely correlated with 
the scale formation, it doesn’t mean a lower sweep 
frequency is a better choice.

Group
Frequency* Average 

current pH drop** Conductivity 
drop***

Average 
particle 
diameter

Scale 
thickness

Weight 
change rate

Hz A μs/cm μm mm %

65~70 kHz 67500 0.72 0.78 662 15.24 3.64 73%

70~75 kHz 72500 0.58 0.7 478 13.96 2.76 58%

75~80 kHz 77500 0.54 0.67 342 12.16 2.12 41%

80~85 kHz 82500 0.49 0.59 230 10.88 1.72 31%

* Frequency in the table was arbitrarily determined by averaging the maximum and minimum frequency value of a frequency range, 
and this value was verified to have a negligible effect on the determined correlation coefficient.
**The pH drop for each group was determined by subtracting the solution pH after 4-hour experiment from the initial solution pH. 
***Conductivity was determined by subtracting the conductivity after 4-hour experiment from the initial conductivity. 

Appendix

Table A1. Summation of the experimental results.
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