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Effect of permanent magnetic field on water association in circulating water
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ABSTRACT

Orthogonal experiments of L, (4°) were conducted to study the effect of permanent magnetic field on
water association in circulating water. The operation parameters include the magnetic field intensity,
initial concentration of Ca* and Mg?*, magnetic treatment time, temperature and water flow velocity.
The chemical shift, alkalinity, relative variation of activation energy and concentrations of Ca* and
Mg** were used as the optimization objectives. Applying the relevant analysis method, the domi-
nance degrees of influence factors for four objectives were analyzed, and the optimum condition was
obtained. Furthermore, the effects of ion concentration and magnetic field intensity on water associ-
ation were analyzed. The optimum condition was obtained as 900 mg/L of initial concentration, 0.5
T of magnetic field intensity, 303 K of temperature, 54 h of time and 0.17 m/s of water flow velocity.
The results show that the operation parameters have different effects on water association. Water
association increases with increase of magnetic field intensity. High concentration Ca** and Mg?*
can strengthen water association, and the effect of Mg?* on water association is greater than that of
Ca*. High concentration of HCO; and CO? can break water clusters and decrease water association.
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1. Introduction

In many industrial processes, scale formation is a com-
mon and costly problem. Scale deposits can increase oper-
ation and maintenance costs by lowering flow capacity
and increasing pump energy consumption in cool water
systems. Moreover, scale formation resists the heat transfer
between hot water systems and heat exchangers. Normally,
chemical reagents, such as scale inhibitor and chemical
inhibitors by means of chelation [1], dispersion [2] and inhi-
bition [3-6], can effectively control scale formation. Espe-
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cially for desalination processes, the use of scale inhibitor
is the most commonly technique [7,8]. However, chemical
method is expensive and can change the chemical prop-
erty of circulating water. Furthermore, polyphosphate has
long-term negative effect on the environment. The magnetic
treatment technique has been widely employed to prevent
scale formation in the industrial system, particularly in heat
exchangers and domestic equipment. Such a physical treat-
ment method is advantageous where it does not involve
chemicals. Thus, magnetic treatment is playing an increas-
ing and important role in regards to scale control and ame-
lioration of dispersion separation [9,10].
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The first patent of magnetic water treatment was reg-
istered in Belgium by Vermeiren in 1945 [11]. Magnetic
treatment devices of different configurations are currently
available in the European market. Despite the practical use
has been for several decades, the mechanism explanation of
effects still remains unclear due to incomplete understand-
ing of how the magnetic treatment device affects circulating
water. Alimi et al. found that the magnetic treatment for hard
water increased the number of precipitates in bulk water
and favored homogeneous nucleation [12]. ].M.D. Coey
and S. Cass concluded that the solution pH value, flow rate
and residence time were important parameters for precipi-
tation [13]. Glushchenko et al. proposed a “design module”
expressed as M = But (M is design module, T-m; v is liquid
velocity, m/s; t is exposure time, s), and showed the mag-
netic treatment effect was closely related to the flow velocity,
time and magnetic field intensity [14]. They recommended
the design module of 300400 T-m. Lili Jiang et al. studied
the effect of permanent magnetic field on calcium carbonate
scale formation in circulating water. Their results revealed an
optimal water velocity of 1.2 m/s and magnetic flux inten-
sity of 0.7 T [15]. Toledo et al. compared experimental data of
water viscosity, enthalpy and surface tension with theoreti-
cal values. The results showed that external magnetic field
affected the hydrogen bond networks [16]. The competition
between intra- and inter-molecular hydrogen bond networks
weakened the intra-cluster hydrogen bonds, broke large
clusters into smaller clusters. Kronenberg found an optimum
flow velocity for his magnetic configuration and suggested
that breakage of hydrogen bond by resonant vibration was
involved [17]. However, Chang and Weng investigated the
effect of magnetic field on the hydrogen bond structure
of water and found that the number of hydrogen bonds
increased by 0.34% when magnetic field intensity increased
from 1 to 10 T [18]. The explanation may be rooted in changes
of ion distributions and hydration near the dispersed particle
surfaces. Higashitani and Oshitani investigated the effect of
magnetic field on the stability of non-magnetic colloid par-
ticles and suggested that colloid stability may be influenced
by magnetic field through alterations of water molecule
structure and ions either adsorbed on the particle surface or
in the medium [19]. The mechanism of effect has not been
clearly understood and various contradictory results have
been reported [20]. Arulmozhi et al. analyzed the relation-
ship between chemical shiftand line width and showed that
cations promoted water association but anions destroyed
water association [21]. Horne et al. studied the relationship
between the structure of water clusters and the coefficient
of viscosity [22]. Ruihua Li et al. investigated the effects of
alkali metals and alkaline earth metal chlorides on liquid
water structure [23]. Their results showed that chemical shift
reflected the effects of ions on water association. Waskylishen
et al. measured the sizes of water clusters with 7O-Nuclear
magnetic resonances before and after water treatment [24].
They analyzed the line width and noted that the average
cluster size in bulk water decreased and the number of water
molecules per cluster also decreased.

Generally speaking, a liquid can be treated as homo-
geneous system. However, ionic liquids can show unique
spatial heterogeneity due to their inherent separation fea-
tures of polar or nonpolar nanophase [25-27]. The presence
of a co-solvent can reduce the electrostatic attraction among

ions and decrease the overall cohesive energy. In addition,
water affects both translational and rotational dynamics of
ionic liquids, thereby enhances the relaxation rate [28,29].
Hydrated ions show strong interactions with water mole-
cules and increase water structuring which produces higher
viscosity than pure water. Therefore, these ions are referred
to as structure makers. However, some ions are only mar-
ginally hydrated in aqueous solutions. These ions show
weak interactions with water and decrease water struc-
turing and thereby lower solution viscosity. This effect is
referred to as negative hydration, and these ions are often
referred to structure breakers [30]. The most common crit-
icism of magnetic treatment effects is whether or not mag-
netic field can strengthen liquid water association. In the
light of above views, the present work chooses orthogonal
experiments to deal with these issues. It is well known that
orthogonal experiments can efficiently correlate various
factors for parameter optimization. The method can iden-
tify the most influential factors based on high consistency
and reproducibility. According to the orthogonal table, one
can select the representative experiments, and satisfactory
results can be obtained [31].

The objective of the present study is to investigate the
effect of a permanent magnetic field on water association
in circulating water. The process optimization of magnetic
treatment was based on the water structure changes under
different operation conditions. All operating conditions,
including the magnetic field intensity, initial concentra-
tions of Ca* and Mg*, magnetic treatment time, tempera-
ture, and water flow velocity, were studied. The orthogonal
experiments were carried out and the results were analyzed
via range analysis in reference to the chemical shift, alka-
linity, relative variation of activation energy and Ca? and
Mg?* concentrations. The dominance degrees for influenc-
ing factors and the optimum condition were determined.
The effects of magnetic field intensity and ion concentration
on water association were analyzed.

2. Experimental equipment and methods
2.1. Experimental equipment and water quality index analysis

The magnetic treatment equipment is shown in Fig. 1.
The closed loop is composed of a water tank, a water pump,
a valve, a water-heating tank, permanent magnetic adjust-
able equipment, and a water meter. The flow velocity was
controlled by adjusting the valve and water meter within a
range of 0-0.68 m/s. The circulating water was heated by
passing through the water heating tank, which was adjusted
with a temperature controller. The adjustable permanent
magnetic equipment was produced by Shenzhen Yitian
Magnetic & Devices Co., Ltd, China, and a range of 0-0.8
T was measured with a digital teslameter (HT100, Ningbo
Bestway Magnet Co., Ltd., China). Ultra-pure water was
used to prevent side effects from foreign ions during mag-
netic treatment process. Artificial hard water was prepared
by dissolving Na,CO,, CaCl, and MgCL-6H,O in the cir-
culating water. According to the experimental conditions,
an orthogonal table of L, (4°) was applied. These selected
factors and levels are listed in Table 1. The chemical shift,
alkalinity, relative variation of activation energy and Ca*
and Mg?* concentrations were selected as the objectives.
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Fig. 1. Magnetic treatment equipment for circulating water.

Table 1

Factors and levels of L, (4°) experiments
Factors Levels
Magnetic field intensity (T) 0,0.2,0.5,0.8
Initial concentration 0, 300, 600, 900

(mg/L, Ca** = Mg* = COY)
Time (h)
Temperature (K)

18, 36, 54, 72
298, 303, 308, 313

Flow velocity (m/s) 0.17,0.34, 0.51, 0.68

Fig. 2 shows the analyzing process of water quality
indexes including the concentrations of Ca* and Mg?*, alka-
linity, viscosity and chemical shift. The concentrations of
Ca* and Mg?* can be obtained from hardness. The hardness
refers to the existence of dissolved minerals such as calcium
and magnesium ions in water solution. It is determined by
the titration of EDTA-Na, with chrome black T as an indi-
cator. The related calculation equation is shown in Eq. (1).
The Ca®*and Mg?*" concentrations can be calculated with
EDTA-Na, titration and the equations are shown in Egs. (2),
(3)- The alkalinity can be calculated with Eq. (4).

Hardness= CEDTA-Nﬂzvl X MCHO X 103 (1)
unter
C. = CEDTA-NuZVZ X M, X 10° )
“ ‘/water
C. = CEDTA—NuZ (V, = Vo) X M, X 10° 3)
a Vwater
X Cpe X M, x10°
Alkalinity = £ 2 —#¢ S @
water
where C_ . . is the concentration of EDTA-Na, (mol/L);

m is the quantity of MgCL-6H,O (g); M is the molecular

I' Chemical shift

" measurement
The measurement
of Ca2, Mg2+and
_ alkalinity
J Viscosity
measurement
Magnetic treatment
water

Fig. 2. Diagram of water quality index analysis.

weight of MgCl,-6H,0 (g/mol); Vi, ., V, and V, denote
the volume of EDTA-Na, (L); M., M., and MMg are molar
weights of CaO, Ca** and Mg** (g/mol), respectively; V__
is the volume of water (L), C., and CMg are the concentra-
tion of Ca** and Mg?** (mol/L), respectively; p is the volume
of HCI when phenolphthalein is fading (L); C,,, is the con-
centration of hydrochloric acid standard solution (mol/L);
M, o, 18 the molar weight of CaCO, (g/mol); and V___ is
the volume of water (L).

The chemical shift was measured from the residual
protons in the D,O solvent. Nuclear magnetic resonances
of water samples were prepared in D,0. Nuclear magnetic
resonance spectrometer experiments were carried out on a
Bruker Avance AVIII 400 equipped with a standard 5 mm
probe at 400 MHz. The sample was set to 298 K and kept
constant within +0.1 K. Viscosity is a physical parameter
of water which was measured by a viscometer which pro-
duced by Shanghai Fangrui Devices Co., Ltd. According to
the Eyring theory of liquid viscosity, the liquid viscosity 1
(mPa-s) can be used to calculate the relative variation of
activation energy (Eq. (5)) [32].

AE _E-E,  Inn-Inn,

ETE n-m ©

m

AE . . .. .
where — is the relative variation of activation energy; E

and E; denote the activation energy of experimental water
and ultra-pure water (kJ/mol), respectively; & is the Planck
constant (i = 6.626 x 10**]-s); N, is the Avogadro's number
(N, =6.02 x 10®/mol); V, is the molar volume of liquid (L/
mol); n and n are the viscosities of experiment water and
ultra-pure water (mPa-s), respectively.

2.2. Water preparation and experimental method

First, according to Table 1 and the orthogonal experi-
ment table of L, (4°), the appropriate magnetic field inten-
sity and water velocity were adjusted. Second, artificial
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hard water was prepared with CaCl,, MgCL-6H,O and
Na,CO, It should be noted that the initial water chemis-
try (time = 0 h) was the same for all of the experiments.
This meant that no other chemicals were added through-
out the process. Then, 10 L artificial hard water was cir-
culated in an enclosed pipeline. Finally 10 mL water was
sampled from water tank at definite time intervals and
the corresponding water quality indexes were measured.
All experiments were repeated three times and the aver-
age values were calculated. After each experiment, the
pipeline was thoroughly cleaned, first circulating with
low concentration acid solution for 1 h and then by deion-
ized water for 12 h.

3. Results and discussion
3.1. Analysis of water quality indexes

The chemical shift, alkalinity, relative variation of acti-
vation energy and Ca? and Mg* concentrations can be
obtained through orthogonal experiments based on the
table of L, (4°). The orthogonal experiment results were
analyzed through the range analysis as shown in Fig. 3.
The parameter k, is the average value of the objective vari-
able, where i denotes the level of a certain factor. R is the
range which calculated from the difference between maxi-
mum and minimum of k, for a certain factor. By comparing
the R values, the dominance degree of each factor can be
determined.

Fig. 3 shows the relationships between different fac-
tors and an index. And the results of range were analyzed.
Normally, the factor which has the greatest effect on an
objective index is the key factor for this index, which can
be obtained by comparing the R values. Similarly, by com-
paring k. values, the optimum factor levels can be obtained.
The optimum factors are different for the four objectives.
In terms of calcium ion concentration, the remaining con-
centration reached its maximum at an initial concentration
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of 900 mg/L (k,). So the initial concentration of 900 mg/L
is the optimization condition for calcium ions concentra-
tion. In the same way, the other optimum factors levels can
be obtained, which include the magnetic field intensity of
0.5 T, temperature of 303 K, time of 54 h and flow veloc-
ity of 0.17 m/s. The dominance degrees of the five influ-
encing factors are in the order of R > R,> R > R, > R,
for Ca?* concentration. In addition, the analysis method of
Mg?* concentration is the same as that of Ca’>* and shown in
Fig. 3b. The calculated results of alkalinity are similar with
that of Ca* and Mg* (Fig. 3c). The optimum factor levels
and the dominance degree of factors for chemical shift and
AE/E, can be obtained from Figs. 3d,e. The main cause of
the chemical shift change is the change of inter-molecular
hydrogen bond structures. The chemical shift of nuclear
magnetic resonance offers important information on indi-
vidual atom and reflects inter- and intra-molecular inter-
actions, such as the electrostatic interaction of hydrogen
bonds and the Van der Waals’ force. As the chemical shift
increases with the increase of frequency, the degree of water
association is enhanced. By comprehensive analysis, the
optimum condition is obtained as initial concentration of
900 mg/L, magnetic field intensity of 0.5 T, temperature of
303 K, time period of 54 h and flow velocity of 0.17 m/s.

From the thermodynamic equilibrium of free water and
water clusters, Eq. (6) can be obtained [33].

K,
H.Olattice”) - H,O(' free") ©)

]

where k. and k. are the forward and backward reaction rates
(mol/s), respectively. The structure of water can change
with the formation and destruction of hydrogen bonds.
The water molecules of solution are divided into free water
molecules and water clusters. Free water molecules are far
away from hydrated layers, and the structure of hydrogen
bonds in hydration layers can be easily affected by mag-
netic field [34]. Based on the two-state mode, water associa-

2%,
N\

] 20%]
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N

alkalinity (m,
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Fig. 3. Range analysis on Ca** and Mg** concentrations, alkalinity, chemical shift and AE/E (M: magnetic field intensity (T); C: initial
concentration (mg/L); Time: magnetic treatment time (h); T: temperature (K); and v: flow velocity (m/s)).
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tion is related with magnetic field. Depending on the degree
of hydrogen bonds association, the internal energy of liquid
water can be expressed with Egs. (7), (8).

E'=x'E" "+ xE~+ (Ix'-x)E’, (7)
= CC ®)

where E’ is internal energy (J); x*and E’_* are the mole frac-
tion and internal energy of positive ion, respectively; x-and
£’ are the mole fraction and internal energy of negative
ion, respectively; E’ is the internal energy of free water mol-
ecules (J); C is the concentration of ion; and { is constant
which has nothing to do with the concentration (0 < { < 1).

On the other hand, the interaction between water and
ions can be obtained from the Jones-Dole empirical equa-
tion as Eq. (9) [35-36].

M _14 AJC +BC+DC? )

n,

where 1, is the viscosity of solution, n, is the viscosity of
solvent, and C is the concentration. The coefficient A is the
Falkenhagen coefficient which represents solute-solute
or electrostatic interactions. The coefficient B represents
solute-solvent interactions. The coefficient D reflects sol-
ute-solute and solute-solvent interactions. However, the
value of A is usually small and therefore omitted [37,38].
As shown in Eq. (9), the viscosity of a solution increases
with increasing the concentration of solvent. According to
the equation of AE” = —~AE, where AE’ denotes the change
of internal energy and AE represents the change of acti-
vation energy, the combination of Egs. (7) and (9) leads to
that the viscosity and activation energy will also increase
with an increase of ion concentration [39]. Then the inter-
nal energy decreases and the value of (1 — x*— x") will also
decrease according to Eq. (7). In other words, the ratio of E’,
will decrease. Therefore, higher concentration will enhance
water association. In addition, the magnetic field promotes
the electron delocalization of hydrogen bonds among
water molecules. The electron delocalization can lead to
the formation of water clusters, promote the formation of
hydrogen bonds and combine several hydration ions [40].
However such improvements are affected when Lorentz
force exerting on moving ions increases beyond a critical
value [41]. Particles with charge move through a uniform
magnetic field with a velocity of v and are deflected by the
Lorentz force within a helix. According to the equation (f, =
eB/2mm ) of cyclotron frequency, the higher magnetic field
intensity is, the higher is cyclotron frequency. The continu-
ing increase of cyclotron frequency will promote the combi-
nation of negative and positive ions, leading to more scale
formation [42]. So magnetic field intensity has an optimum
value. According to Fig. 3a,b, the Ca** and Mg?** concentra-
tions decreased at magnetic field intensity of 0.8 T. Based on
the concentrations of Ca* and Mg** without magnetic field,
the variation of positive ion concentration reaches the peak
at 0.5 T. This increase of concentration decreases the acti-
vation energy of free water. That is, appropriate magnetic
field intensity can strengthen water association. However,
if magnetic field intensity is beyond the optimum value, it
will promote scale formation.

3.2. Effect of ion concentration on water association

To investigate the effect of ion concentration on water
association, the chemical shift was analyzed. The relation-
ship between chemical shift and concentration is shown as
the following Eq. (10) [43]:
& = x*§,*+x70, +(1-x"—x)d, (10)
where § is chemical shift (Hz); x*and §,* are the mole frac-
tion and chemical shift of positive ions, respectively; x-and
d, are the mole fraction and chemical shift of negative ions,
respectively; §, is the chemical shift of free water. The con-

centration variations of positive ions can be obtained in Egs.
(11)—(13).

1 0
AC; = Ce. ~Cé + Cog ~Cg
MCu MMg
_24282-18464 | 692.25-546.22
- 40 24

(11)
=7.56x107(mol / L)

aci G-l Chu=Cly
M, My
_294.26-184.64 + 801.58 — 546.22
40 24

(12)
=14.25x107 (mol / L)

3 _c0 3 0
O T T
Ca Mg
_279.05-184.64 + 722.17 - 546.22
40 24

(13)
=9.59%107 (mol / L)

where AC;, AC;, and AC] are the concentration variation
of positive ions (mol/L) at magnetic field intensity of 0.2,
0.5, and 0.8 T, respectively; C2, C., and C_2 are the concen-
tration of Ca?* (mol/L) at magnetic field intensity of 0,0.2

,0.5,and 0.8 T, respectively; C,p, C,;., C, 2, C,; are concen-
tration of Mg* (mol/L) at0,0.2,0.5, Vand 08 T respectively,
and M_, and M gdenote the molar weights of calcium and
magnesium, respectively. The concentration variation of
negative ions can be calculated with the following Egs.
(14)—(16).

1 _ 0 _
ac; = CaCi _20989-1868 23x10%(mol /I)  (14)
MCuCO3 100
2 _ 0 _
ac; = Ci=Ci _21209-1863 25x10%(mol/T) (1)
Merco, 100
3 _ 0 _
ac; = CaCi (207621868 ) ) (mol /1) 6
MCuCO3 100

where AC;, AC;, and AC; denote the concentration varia-
tion of negative ions (mol/L) at 0.2, 0.5, and 0.8 T, respec-
tively; and C?2, C!, C2, C? denote the concentration of alkali
(mol/L) at 0, 0 2, O 5, and 0.8 T, respectively; M., .., is molar
weight of CaCO,. The variation of chemical shift can be cal-
culated with Eqs. (17)—(20).

A8, = §-8, = 1879.4-1879.4 = 0 (Hz) (17)

A8, =8,,~ 8, =1879.6-1879.4 = 0.2 (Hz) (18)
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AS, = §,.— 8, = 1879.96-1879.4 = 0.54 (Hz) (19)

AS, =9 ,— 8, =1879.82-1879.4 = 0.42 (Hz) (20)
where A, A5, AS,, and AJ, denote the variations in chemi-
cal shift between the value without magnetic field and that
with different magnetic field intensities, respectively; §, 3, ,,
3, and §, are the chemical shift at magnetic field intensity
of 0, 0.2, 0.5, and 0.8 T, respectively. According to Eq. (11),
the results can be calculated as the following Egs. (21)—(23).

5, = TGS +CAC 8 +(1-5 AC, + CaC

0.2 = (7.5688;+0.2308,)+(1-7.56{—0.230)8) x 10°  (21)
A3, = AC;8:+LAC,S, +(1-L'AC;+LAC)S,

0.54 = (14.25(8;+0.25( §;+(1-14.25(-0.250)3,) x 10 (22)

A8, = ['AC, B+ ACT +(1-0ACT+TAC),

0.42 = (9.590'8+0.2L8,+(1-9.59L*+0.20)5,) x 10 (23)

Combining Egs. (21)—(23), the results can be obtained as
follows (Egs. (24)—(26)):

_28.79+247.89C" 50

8 g (24)

5, = 115458 U720 25)
g

8, = 247.89(Hz) (26)

In the presence of salts, the chemical shift of liquid
water generally reflects the effects of ions on water struc-
ture. When the chemical shifts are positive, they can
strengthen water structure, otherwise they will damage
water structure [44]. Therefore, Ca* and Mg?* can promote
water structure, but HCO; and CO32‘ will damage water
structure. Thus an increase of Ca®* and Mg concentra-
tion can promote hydrogen bonds formation and enhance
water association. However, an increase of HCO; and CO?
concentration will decrease water association. The forma-
tion of hydrogen bonds makes anions more stable which
promotes the dissolution of CaCO, and MgCO, [45]. Due
to the HCO; and CO§* become more stable, the number
of Ca* and Mg** are greater and more water clusters are
formed. Therefore the higher the concentration of positive
ion is, the greater is the water association. The decrease of
negative ion concentration will contribute to water associ-
ation formation.

3.3. Relationship between AE/E  and AS

To study the changes of water association, it is necessary
to investigate the relationship between AE/E and AS which
can be obtained by the linear fitting. The results are shown
in Fig. 4.

Fig. 4 shows that the chemical shift variation of posi-
tive ions is proportional to AE/E . And the higher AE/E
is, the stronger is the water association. According to the
fitting equation (AE/E; = 1.52A8 - 0.12), the relationship

0.9
0.8+
0.7

AE/E=1.5206-0.12(R*=0.95)

0.6
0.5
= 0.4

AE/E

0.3 .
0.2 1
0.1
0.0 1
-0.1+

-0.2 T T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
AS (Hz)

Fig. 4. Relationship between AE/E 0 and AG.

between AE/E, and ion concentration can be obtained as
follows [Eq. (27)]:

AE/E, = 1.52:(GACS !+ & ACS+(1-L'AC—(8)8) 012 (27)

Combining with Egs. (24)—(27), the relationship between
AE/E, and concentration variation can be obtained as Eq.
(28).

AE/E = 43.76AC*— (1754.96 — 0.0507)AC" + 376.67 (28)

As the internal energy variation is equal to the negative
of activation energy variation, strengthening of water asso-
ciation can decrease internal energy. Eq. (28) indicates that
an increase of positive ion concentration can raise activation
energy and promote water association. However, the con-
tribution of negative ions for activation energy is negative.
Therefore, AE/E  can determine the degree of water associ-
ation based on ion concentration.

3.4. Effect of magnetic field intensity on water association

Fig. 5 shows the changes of Ca?*and Mg?** concentration,
alkalinity and AE/E; with time at different magnetic field
intensities. One can see from Fig. 5a and 5b that, the Ca**
and Mg* concentrations decrease quickly with increase of
time without magnetic field, which implies that most cal-
cium and magnesium carbonate precipitation is formed.
Combining with the above results, one can say that the
degree of water association will decrease. Fig. 5c shows
that the results for alkalinity are the same, which restrained
water association. Therefore, the decrease of Ca? and Mg?**
concentration will reduce AE/E and break water associa-
tion. However, these objectives first decreased and then
gradually stabilized with time at the presence of a magnetic
field. The Ca* and Mg?* concentration increased because
magnetic field promoted the formation of hydrogen bonds.
Fig. 5d shows that, with an increase in magnetic field inten-
sity, AE/E first increases and then decreases. AE/E reaches
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Fig. 5. Effect of magnetic field intensity on ion concentration, alkalinity and AE/E,.

its maximum at the magnetic field intensity of 0.5 T and
then decreases when the magnetic field intensity is beyond
0.5 T. This shows that the magnetic field has an optimum
intensity. If the Lorentz force is beyond the optimum value,
the magnetic field can promote the combination of positive
and negative ions, and break water association. Fig. 5a also
shows that the concentration of Ca?* increases from 32 to
56 h with a magnetic field intensity of 0.5 T, while the Mg*
concentration increases from 4 to 54 h at the same magnetic
field intensity, which may indicate that the force between
Mg?* and water clusters is stronger than that of Ca?*. There-
fore, the effect of Mg** on water association is more signif-
icant than that of Ca**, which may be attributed to that the
radius of Mg* is smaller than that of Ca?". The smaller the
radius of cationic ion is, the greater is the degree of water
association [46].

4. Conclusions

The effect of permanent magnetic field on water associa-
tion in circulating water was experimentally studied. L, (4°)
orthogonal experiments were designed and implemented to
focus on the factors of initial concentration, magnetic field

intensity, temperature, time and flow velocity. The results
show that the chemical shift, alkalinity, relative variations
of activation energy and Ca? and Mg?* concentrations var-
ied considerably under orthogonal experimental design
conditions. The results of range analysis show that the mag-
netic field intensity is the key factor affecting water clusters
formation. The optimum conditions for the present facility
are 900 mg/L of initial concentration, 0.5 T of magnetic field
intensity, 303 K of temperature, 54 h of time and 0.17 m/s of
water flow velocity. High initial concentrations of Ca*" and
Mg?* have considerable influence on hydrogen bond forma-
tion. The effect of Mg** concentration on water association is
greater than that of Ca?*. However, the increase of CO; and
COZ concentrations will break water clusters and water
association. The presence of magnetic field promoted water
association. The effect of preventing scale will be decreased
as the magnetic field intensity exceeds the optimum value,
which reduces water association.
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Symbols
Ciprane — Concentration of EDTA-Na, (mol/L)
M — Quantity of MgCL-6H,O (g)
M — Molecular weight of MgCl,-6H,O (g/mol)
Vibtans, — Yolume of EDTA-Na, (L)
Mo — Molecular weights of CaO (g/mol)
M, _ Molecular weights of Ca (g/mol)
M, — Molecular weights of Mg (g/mol)
Vter — Volume of water (L)
Ce, — Concentration of Ca*" (mol/L)
Cye — Concentration of Mg** (mol/L)
p — Volume of HCl when phenolphthalein is
fading (L)
Caal — Concentration of hydrochloric acid standard
solution (mol/L)
Mc,co, — Molecular weight of CaCO; (g/mol)
Ve  — Volume of water (L)
AE/E;, — Relative variation of activation energy
— Activation energy of experimental water
(k] /mol)
E, — Activation energy of ultra-pure water (k] /mol)
h — Planck constant (k2 = 6.626 x 10**]-s)
N, — Avogadro’s number (N, = 6.02 x 10%/mol)
vV — Molar volume of liquid (L/mol)
n — Viscosity of experimental water (mPa-s)
M, — Viscosity of ultra-pure water (mPa-s)
n, — Viscosity of solution(mPa-s)
n, — Viscosity of solvent (mPa-s)
. — Average value of the objective variable
R]. — Range calculated from the difference between
maximum and minimum of k, for a certain factor
E — Internal energy level (])
xt — Mole fraction of positive ions
E"; — Molar internal energy of positive ions (J)
X — Mole fraction of negative ions
E"; — Internal energy of negative ions (J)
£, — Internal energy of free water molecules (J)
C — Concentration of ions (mol/L)
4 — Constant which has nothing to do with the
concentration
A — Falkenhagen coefficient
B — Solute-solvent interactions
D — Solute-solute and solute-solvent interactions
f. — Cyclotron frequency (Hz)
B — Magnetic field intensity (T)
) — Chemical shift (Hz)
A9, — Variation of chemical shift at 0 T (Hz)
A3, — Variation of chemical shift at 0.2 T (Hz)
A3, — Variation of chemical shift at 0.5T (Hz)
A9, — Variation of chemical shift at 0.8 T (Hz)

) — Chemical shift at 0 T (Hz)

— Chemical shift at 0.2 T (Hz)
) — Chemical shift at 0.5 T (Hz)
) — Chemical shift at 0.8 T (Hz)
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