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Abstract:  13 

Fouling growth in brackish water distribution systems (BWDS), especially calcium-silica fouling, is 14 

inevitable issue in brackish water desalination, chemical and agricultural industry, eventually threaten 15 

the cleaner production process and environment. Magnetic Field (MF) has been a greener and effective 16 

technology to control calcium carbonate fouling. However, the effects of MF on composite calcium-silica 17 

fouling are still elusive. Therefore, this paper assessed the effect of MF on calcium and silica fouling. We 18 

found that MF not only significantly reduce the calcium carbonate fouling, but also obviously decreased 19 

the silica fouling. The MF reduced the calcite fouling reached 38.2%-64.3% by changing water quality 20 

parameters to trigger the transformation rate of CaCO3 crystal from compact calcite to looser aragonite, 21 

as well as increase the unit-cell parameters and chemical bond lengths of calcite and aragonite. The MF 22 

also decreased the content of silica fouling (silica and silicate) reached 22.4-46.3% by reducing the 23 

concentration of soluble silica and accelerating the flocculation settlement to form large size solid 24 

particles in BW. Furthermore, MF broke the synergistic interactions among calcium and silica fouling. 25 

In addition, the anti-fouling ability of permanent MF was higher by 12.3-35.1% than electric MF. Overall, 26 

these findings demonstrate that MF is an effective and chemical-free technology to control calcium-silica 27 

fouling in BWDS, and provide a new perspective for sustainable application of brackish water. 28 

Keywords: fouling control; calcium fouling; silica fouling; permanent magnetic field; electric magnetic 29 

field  30 

 31 
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1 Introduction 33 

Fresh water scarcity will be the world major crisis in future few decade (Hanikel et al. 2020). The 34 

effective application of brackish water (BW) could be an important means to alleviate local crisis of fresh 35 

water resources, and has been gradually become major component of global water sustainable 36 

management (Aliaskari and Schafer 2021, Guo et al. 2019). However, BW contained various soluble 37 

salts and suspended colloidal particles, leading to calcium carbonate and silica fouling in water 38 

distribution systems, heat exchangers and membranes (Chang et al. 2021, German et al. 2019, Park et al. 39 

2019). Particularly in agricultural water distribution systems, the presence of fouling would reduce the 40 

irrigation and fertilization uniformity (Ma et al. 2020, Muhammad et al. 2021), aggravates the salinization 41 

of farmland and excessive use of fertilizer, resulting in environmental hazardous issues (Zhang et al. 42 

2021). Chemical treatments are the most common methods to mitigate fouling in BW distribution systems 43 

(Al-Sabagh et al. 2018, Suharso et al. 2019). However, due to risk of environmental pollution and high 44 

cost, the application of chemical reagents is limited (Greenlee et al. 2009, Song et al. 2019). Thus, an 45 

effective and green methods for mitigation of fouling in BWDS is in urgent need. 46 

Magnetic field (MF) has attracted an extensive interest for mitigation of calcium fouling, due to its 47 

characteristics of low cost, low energy consumption, and easy-to-operate (Fathi et al. 2006, Holysz et al. 48 

2003, Xiao et al. 2020, Zhang et al. 2017b). Wang et al. (1997) reported that MF shortened the induction 49 

period of calcium carbonate fouling and formed higher quantity of crystals with smaller sizes. Johan et 50 

al. (2016) found the MF changed the crystal formation and morphologies of calcium carbonate, 51 

promoting the transformation of calcite to aragonite with low adhesive properties, and the fouling 52 

inhibition rate were reached 46.7%. These studies brought valuable insights into the anti-fouling ability 53 

of MF. The available literature related to the anti-fouling effects of MF mainly focuses on calcium 54 
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carbonate fouling. However, BW not only contains plenty of fouling-forming ions i.e. Ca2+, Mg2+, HCO3-55 

(Du et al. 2020, Sriramulu et al. 2019), but also high silica concentration and silica suspended colloidal 56 

particles (Nthunya et al. 2019, Shemer et al. 2019). Thus, silica fouling are also significant components 57 

to fouling formation (German et al. 2019, Wang et al. 2020). In addition, calcium carbonate and silica 58 

fouling are often occurred simultaneously (Antony et al. 2012, Demadis et al. 2005). However, the 59 

controlling effects of MF on calcium carbonate and silica fouling in BWDS are still elusive. Moreover, 60 

the strong interactions between different fouling mostly leads to the complex behaviors of fouling. For 61 

instance, CaCO3could provide nucleation sites for silicate (Umar et al. 2013). In other words, the 62 

presence of CaCO3 would promote the formation of silicates. So far, the controlling effects of MF on 63 

CaCO3 has been fully demonstrated. Therefore, this study assumes that MF could affect the formation of 64 

silica fouling (e.g. silica, silicates) by acting on calcium carbonate, with implication for composite fouling 65 

control for BWDS. However, the impacts of MF on the interactions among various fouling in BWDS 66 

have not been fully understood yet.  67 

The fouling in BWDS always show crystal texture. Previous studies demonstrated that MF could 68 

affect the microscopic characteristics of crystals (Urusovskaya et al. 2003)  It is worth noting that the 69 

microscopic characteristics of crystals are closely related to the formation of crystals. For example, 70 

Simunek and Vackar (2006) reported that the hardness of a crystal is determined by the microscopic 71 

characteristic parameters of the crystal, such as bond strength, bond length, and ionic properties. 72 

Therefore, it can be inferred that MF might control composite fouling by acting on the microscopic 73 

characteristics of crystals in BWDS. However, the effects of MF on crystal microscopic characteristics 74 

for fouling have not been evaluated yet.  75 

Thus, the objectives of this study were to: (i) determine whether MF would effectively control the 76 
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fouling in BWDS; (ii) reveal the influence mechanism of MF on calcium carbonate fouling, silica fouling 77 

and their interactions; and (iii) clarify the controlling effects of different types MF generation methods 78 

on fouling, and propose the MF selection strategy.  79 

2 Materials and methods 80 

2.1 Experimental setup 81 

The testing system was an outdoor-designed fouling cultivation platform (Fig. 1). The platform 82 

resembles agricultural BDWS, with four layers of drip irrigation pipelines stacked horizontally. Each 83 

layer had the same type of emitter. A total of four types of emitters were subjected for fouling cultivation, 84 

being their structural parameters shown in Table S1. Each layer contained eight 15 m long drip irrigation 85 

pipelines with 45 identical emitters evenly spaced along each pipeline. Emitters due to their narrow 86 

(between 0.5-1.2 mm) flow channels, are the suitable place for fouling and consequently leads to the 87 

system clogging. The experiment lasted for a total of 440 hours, with daily system operation of 14 hours 88 

(7:00 am-9:00 pm). The BW used in the experiment was collected from the local surface lake (located in 89 

northern Wulan Buh, Dengkou County, Bayan Nur City, Inner Mongolia, China). The basic quality 90 

characteristics of the applied BW are listed in Table 1. The BW was temporarily stored in water tank and 91 

filtered with a disc filter (106 μm), then flowed into a pipeline that contained magnetizer to obtain 92 

magnetized water. The magnetized water was filtered again through a screen filter (150 μm), and then let 93 

into the drip irrigation pipelines. The flow rate at the entrance of the system was maintained at 15 m3 h-94 

1. 95 
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#Fig. 1 approximately here# 96 

#Table. 1 approximately here# 97 

2.2 Experimental treatments 98 

Two types of magnetizers were selected, including permanent magnetic field (PMF, manufacturer: 99 

Shanghai Bojian, China; type: CNF) and electric magnetic field (EMF, manufacture: Yishui, China; type: 100 

MD-63). The operational details of the PMF were: magnetic flux density measured by Gauss meter (Bell, 101 

Model 6010), 600 and 900mT; material of magnets, neodymium-iron-boron (Nd2Fe14B) magnets; 102 

lacement of magnets in tube  attraction (N-S) The operational details of EMF were: working voltage, 103 

12 V; magnetic flux density, 300 Gs; coil external diameter, 32 mm; total coil number, 40. According to 104 

the types of magnetizers, five treatments were set in the experiment: control group with no-MF (CK), 105 

permanent magnetic fields with 600mT (PMF_600mT), and permanent 900mT (PMF_900mT), 106 

electromagnetic fields with 20 kHz frequency (EMF_20kHz) and 30 kHz frequency (EMF_30kHz). 107 

2.3 Evaluation of BWDS performance 108 

Along with operation time, the growth of composite fouling would gradually clog the drip emitters 109 

of BWDS. The average discharge variation ratio (Dra) was used to evaluate the flow performance of 110 

BWDS. The detailed calculation method of Dra is being explained in supplementary material (section 111 

1.2). 112 

2.4 Water quality parameters 113 

Previous studies demonstrated that, the MF would obviously affect the water quality characteristics 114 

(Florez et al. 2012, Garcia and Trueba 2018, Trueba et al. 2015). Since water quality is the major factor 115 

affecting the fouling formation, this paper focuses on parameters of pH, electrical conductivity (EC), 116 

oxidation reduction potential (ORP), surface tension (ST), zeta potential (Zeta), silica concentration (SC) 117 
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suspended solids (SM) and particle size distribution (PSD). Electrical conductivity (EC) and pH were 118 

measured by a conductivity meter (Manufacturer: Leici, China; type: DDSJ-319L) and a pH meter 119 

(Manufacturer: Mingbo, China; type: PHS-3C), respectively. Oxidation reduction potentials (ORP) were 120 

tested by an ORP meter (manufacturer: Kedida, China; type: CT-8022). Surface tensions (ST) were 121 

determined by a surface tensiometer (manufacturer: Huakun, China; type: DT-102A). Particle size was 122 

analyzed by using a laser particle sizer (Malvern Instruments Ltd., Mastersizer 3000). Zeta potential were 123 

measured by Zeta potential analyzer (Manufacturer: micromeritics, America; type: Nanoplus). 124 

Suspended matter was tested by Gravimetric method according to GB 11901-89. Silica concentration 125 

was tested with silico–molybdenum blue spectrophotometry method according to PN C04537-04-1988.  126 

2.4 Extraction and analysis of composite fouling in emitters 127 

During the experiment, the composite fouling in each treatment was collected for a total of eight 128 

times, after every 55 h of system operation. At each sampling event, a single irrigation pipeline was 129 

fetched from the testing system for each type of emitter. Each time, 18 emitters randomly selected at 130 

irrigation pipelines (i.e. 6 at the head, 6 at the middle and 6 at the tail) were peeled off. The samples were 131 

then placed in zip lock plastic bags and kept in refrigerator (4 ). 132 

2.5.1 Dry weights of composite fouling 133 

The fouling dry weight inside emitters was obtained eight times during system operation, at 55 h, 134 

110 h, 165 h, 220 h, 275 h, 330 h, 385 h, and 440 h respectively. The obtained emitter samples were put 135 

in a zip lock plastic bag. Hereafter, 20 mL of deionized water were added to these zip lock plastic bags, 136 

and were put in an ultrasonic cleaning bath (manufacturer: Chaowei, China; type: GVS-10 L; working 137 

power: 240 W; frequency: 60 Hz) for 60 min to remove the fouling. The mixed solid phase of the 138 

sampling event acquired at the bottom was dried (100 ) to a constant weight and then weighed using a 139 

high-precision electronic balance (manufacturer: Wangtai, type: FA-G; accuracy: 10-3 g). 140 



 

8 

 

2.5.3 Minerals components in composite fouling 141 

A vacuum freeze dryer (manufacturer, Guansen, China; type, FD-A12N) was used to dry the fouling. 142 

Then, an X-ray diffractometer (XRD, manufacture: Bruker, Germany; type: D8-Advance) was used to 143 

analyze the mineral components in fouling. To obtain the lattice parameters (i.e. a, b, and c) and crystal 144 

volumes of various fouling, the Rietveld refinements of XRD were used by General Structure Analysis 145 

System (GSAS) software. 146 

2.5.4 Crystals apparent morphology  147 

The crystal morphological appearances were examined using scanning electron microscope (SEM, 148 

manufacturer: Japan Jeol, model: S-3400N), at an acceleration voltage of 20 kV, after sputtered with gold 149 

film, and magnification ranging from 400× to 15,000×.  150 

2.6 Statistical analysis 151 

The experimental data basic calculations were done in Microsoft Excel; and statistical analysis was 152 

carried out with SPSS (ver. 22.0 IBM, USA). Pearson correlation coefficient was applied to determine 153 

the correlation of mineral’s content among different groups (p. adjusted <0.05). Analysis of Variance 154 

(ANOVA) was applied. Structural equation modelling analysis (SEMA) was performed using SPSS 155 

AMOS v.24 (AMOS, IBM, USA) to analyze the direct and indirect relationships among magnetic fields, 156 

mineral contents, and the flow performances of BWDS (Dra). 157 

3 Results 158 

3.1 Water quality, fouling components and BWDS performances 159 

The EC, pH, ST, ORP, of applied water (Fig. 2a-d) changed obviously after the application of MF. 160 

MF decreased EC (Fig. 2a) and ST (Fig. 2c) by 0.13-0.16dS m-1 and 0.83-11.5mN m-1; while increased 161 

the pH (Fig 2b) and OPR (Fig 2d) by 0.036-0.0832 and 7.2-31.6mv. In addition, there were obvious 162 

differences among different MF treatments. Comparing with PMF, EMF increased the EC and ST to 163 
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0.02-0.11dS m-1 and 0.592-7.69mN m-1, and decreased the pH and the OPR by 0.028-0.052, 1.9-24.3mV, 164 

respectively. 165 

The dry weights of fouling (Fig. 2e) and BWDS performances showed that MF significantly (p < 166 

0.01, Table S1) reduced the fouling contents by 30.2-54.8%. Consequently, MF obviously alleviated the 167 

clogging of the BWDS with the Dra (Fig. 2f) significantly (p < 0.01, Table S2) increased by 26.5-49.7%. 168 

Different MF generation methods also significantly (p <0.01, Table S2) influenced the clogging dry 169 

weight. The two PMF treatments had higher control efficiencies of fouling than the two EMF groups. 170 

Compared with EMF treatments, the fouling content in PMF groups decreased by 12.3-35.1%. Moreover, 171 

the intensity in PMF treatments and the frequency in EMF groups had impacts on the anti-fouling ability. 172 

It was found the fouling content in PMF_900mT group decreased by 13.6-15.2% compared with 173 

PMF_600mT. the fouling content EMF_20 kHz decreased by 10.9-12.6% compared with EMF_30 kHz. 174 

#Fig. 2 approximately here# 175 

3.2 Effect of MF on mineral component proportions and appearance of fouling  176 

X-ray diffraction patterns indicated a total of six different minerals appeared in composite fouling 177 

(Fig. 3a): carbonates (i.e. calcite and aragonite), silicates (anorthites, chlorites, and muscovite), and silica. 178 

Carbonates were formed by the chemical reactions (Ca2+ + HCO3-=CaCO3 +H+). The formation of 179 

silicates and silica fouling is mainly due to the monomeric deposition, polymerization, and particle 180 

accumulation of dissolved silica, colloidal silica and sand particles in water. MF influenced the 181 

proportions of minerals, reducing the proportion of carbonate by 4.2-12.3%, and increasing the 182 

proportion of silicate and silica by 1.5-5.2%, 2.7-7.1%, respectively (Fig. 3b). 183 

The surface morphology of composite fouling (Fig. 3c) revealed by SEM indicated that the fouling 184 

particles with different sizes combined closely each other, showing a complex fouling morphology. MF 185 
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treatments reduced the content of fouling on the emitter surfaces and changed their morphology. For 186 

example, compared with control group, the fouling size became much smaller and distributed wider. 187 

#Fig. 3 approximately here# 188 

3.3 Effect of MF on calcium carbonate fouling 189 

The dynamic changes of carbonate contents are shown in Fig. 4a, c. The results show that the MF 190 

significantly (p < 0.01, Table S3) reduced the carbonate contents by 33.4-60.7% (Fig.S3). MF treatment 191 

reduced the calcite content by 12.4-19.5 mg cm-2, while increased the aragonite content by 1.3-4.2 mg 192 

cm-2. Significant differences (p < 0.01, Table S3) in carbonates content were found among different MF 193 

treatments. The two PMF treatments had higher control efficiency on carbonates than the two EMF 194 

treatments (p < 0.01, Table S3). Compared with EMF, PMF treatments decreased the carbonates content 195 

by 13.5-36.6%. In addition, the intensity in PMF treatments and the frequency in EMF groups had 196 

impacts on the carbonates content. Thus, the carbonates content in PMF_900mT decreased by 14.3-16.2% 197 

compared with PMF_600mT, and EMF_20kHz decreased the carbonates content by 10.3-12.5% 198 

compared with EMF_30kHz.  199 

The cell volume and chemical bonds of carbonates (Fig. 4b, d) show that MF considerably changed 200 

the crystal structure parameters of calcite and aragonite. Compared with CK treatment, the cell volume 201 

(Cv) of calcite and aragonite treated by MF was considerably larger than that treated by CK with an 202 

increase ratio of 11.42-43.43 Å3 and 7.2-31.73 Å3. Moreover, compared with CK treatment, the Ca-Ca 203 

and Ca-C bonds of calcite in MF treatment all increased by 0.1-0.5% and 0.3-1.5%, the Ca-Ca and Ca-C 204 

bonds of aragonite in MF treatment all increased by 0.1-0.4% and 0.3%-1.1%. 205 

#Fig. 4 approximately here# 206 
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3.4 Effect of MF on silica fouling  207 

The dynamic change of silica fouling (Fig. 5) shows that MF significantly (p < 0.01, Table S4) 208 

affected the contents of silicate and silica. MF reduced the contents of chlorites, muscovite, anorthite and 209 

silica by 0.97-2.44 mg cm-2, 0.53-1.06 mg cm-2, 0.75-1.45 mg cm-2, 1.28-2.56 mg cm-2, respectively, and 210 

the content of silicate and silica decreased by 21.8-47.9% and 22.7-44.3%. Significant differences (p < 211 

0.01, Table S4) were found in silicate and silica contents among different MF-treatments. The two PMF 212 

treatments had better control effects on silicate and silica than the two EMF treatments. Compared with 213 

EMF, PMF decreased the content silicate and silica by 10.2-33.3% and 8.5-29.2%, respectively. In 214 

addition, the intensity in PMF groups and the frequency in EMF groups had impacts on the silica fouling 215 

content. PMF_900mT reduced the content of silicate and silica by 10.4-12.5% and 11.8-14.3% compared 216 

with PMF_600mT, while EMF_20 kHz decreased the content of silicate and silica by 14.1-15.4% and 217 

7.4-9.2% compared with EMF_30 kHz.  218 

Variations of unit-cell parameters of silicate and silica particulate fouling are shown in Fig. 5c, 5f, 219 

and 5i. The results show that the MF had slight effect on the unit-cell parameters of the three types of 220 

silicates and silica. Compared with the CK, MF treatments increased the unit cell volume of chlorites, 221 

muscovite, anorthite and silica by 0.2-2.2Å3. The increase in the bond lengths of Mg-Al, Al-O, Si-Ca and 222 

Ca-O among the three silicate components and silica was similarly small, since only were increased by 223 

0.001%-0.005%. 224 

#Fig. 5 approximately here# 225 

3.5 Influence path of MF on fouling 226 

Obvious correlations were found between the contents of various minerals and water quality. For 227 

instance, significant (p < 0.05) interactions were found between calcium carbonate and silica fouling (Fig. 228 
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6a,). SEMA (Fig. 6b) was further applied to reveal the direct-indirect effects on MF on fouling. MF 229 

presented significant (p < 0.05) negative correlations with calcium carbonate and silica fouling. and the 230 

absolute standardized path coefficient was 0.89 and 0.71, respectively. Compared with silica fouling, MF 231 

illustrated stronger effect on calcium carbonate fouling. Furthermore, silica fouling and calcium 232 

carbonate fouling have strong effects on fouling dry weight. SEMA also showed that there were obvious 233 

synergistic interactions between calcium carbonate and silica fouling, being the correlation coefficients 234 

was 0.72. Thus, SEMA results suggested that, on one hand, MF could directly reduce the contents of 235 

silica fouling and calcium carbonate fouling. On the other hand, MF indirectly controlled the silica 236 

fouling by reducing the calcium carbonate fouling.  237 

#Fig. 6 approximately here# 238 

4 Discussion 239 

4.1 Inhibition mechanism of MFs on calcium - silica fouling 240 

Previous studies demonstrated the MF has significant inhibition effects on calcium carbonate 241 

fouling (Al Helal et al. 2019, Alimi et al. 2009), this study also found that MF decreased the carbonate 242 

contents in BWDS. One possible reason is that MF has been proved to be able to weaken the hydrogen 243 

bond force between water molecules. Thus, MF can decompose water clusters into monomers or small 244 

clusters, resulting in the reduction of water surface tension (Fig. 3). The changes in water clusters can 245 

increase the collision chance between Ca2+ and HCO3-, and shorten the crystallization induction period, 246 

leading to accelerated formation of hydrated amorphous CaCO3 (Han et al. 2018). In addition, MF could 247 

increase the Gibbs free energy of crystals (Tai et al. 2011), which further trigger the transformation of 248 

CaCO3 crystal form from calcite to aragonite. The aragonite has looser structure than calcite, and could 249 

be easily flushed out with the water flow from pipeline surfaces (Li et al. 2019). In other words, MF 250 
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reduced the carbonates content by changing the crystal form of carbonates. On other hand, this study 251 

found the crystal structures of carbonate were changed after the MF application. The minerals have tiny 252 

crystal cells. The physical properties of minerals, such as porosity and hardness, are closely related to the 253 

structural parameters of cell (Glasser and Jenkins 2000). This study found the MF increased the cell 254 

volumes of calcite and aragonite. The increase in cell volume would consequently decrease specific 255 

surface area of crystals (Cordeiro et al. 2011), and reduction in the adsorption energy of the crystals, 256 

making the carbonates easily to be flushed out with flow. In addition, MF increased the bond length of 257 

carbonates, such as Ca-Ca and Ca-C, which will reduce the strength of chemical bonds (Jenkins et al. 258 

1999). The increase in bond length also leads to the reduction of crystal hardness (Simunek and Vackar 259 

2006), and avoids forming hard fouling structures. Consequently, due to the brittleness of crystal was 260 

increased, crystal was easily to be broken by the water shear stresses, thus prevented the precipitations 261 

fouling formation. 262 

Silica and silicate particulates both are most abundant in brackish surface waters, transported 263 

through the BWDS networks and accumulates at the bottom of the pipelines (Deponte et al. 2019, Zhang 264 

et al. 2017a). In addition, brackish water contains high concentration of silica (Subramani et al. 2012) 265 

which is consistent with the results in this paper (Fig. 7). Thus, due to chemical reaction it becomes easy 266 

to form silica fouling on pipeline (German et al. 2019). Moreover, silica fouling is difficult to remove 267 

because it is hard and insoluble in common acid and alkali (Euvrard et al. 2007, Sasan et al. 2017). 268 

However, this study found the MF application effectively reduces the contents of silicate and silica in 269 

BWDS (Fig 5). This might be due to MF compresses the electric double layer of colloidal particles 270 

(Koshoridze and Levin 2014), resulting in the reduction of absolute value of zeta potential on the surface 271 

of silica and silicates (Fig.7 c). The relatively low absolute value of zeta potential indicates that the 272 
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adsorption capacity between silica and silicate particles was enhanced, leading to flocculation between 273 

particles (Pinto and Buss 2020). Therefore, MF increases the particle size in BW by flocculation   (Fig.7 ). 274 

Before entering the BWDS, such flocs with large size were easy to be settled down on the surface of 275 

pipelines and filtered by the screen filter, which would avoid the depositions of silicates and silica in 276 

BWDS. It is found that combined use of MF and screen filter can reduce the suspended particles in BW 277 

by 19.4-30.6%, compared with CK using only screen filters (Fig. 7 ). 278 

4.2 Interactions between silica- calcium carbonate fouling in MF 279 

High concentration of total dissolved salts, and suspended silica solids involved in BW (Mahmoudi 280 

et al. 2010, Thuy et al. 2007), composite calcium – silica fouling was a persistent problem in BWDS 281 

(German et al. 2019, Lee et al. 2020). However, due to the constraints of experimental conditions, most 282 

researchers use the synthetic water instead of brackish water to carry out indoor simulation experiments 283 

to explore the effect of MF on fouling (Alimi et al. 2009, Rouina et al. 2016). There are huge differences 284 

between the synthetic and brackish water, and single CaCO3 fouling is often formed in synthetic water. 285 

Previous reports have shown that, due to the interaction between composite fouling (Fig. 6a) became 286 

more difficult to remove than single fouling (Zhou et al. 2019) . Therefore, we collected the literature 287 

about the effect of MF on calcium carbonate under the water distribution, and compared the scale 288 

inhibition rate in the literature with our results.  289 

This study found that MF decreased the carbonate inhibition content by 60.7%, which was higher 290 

than the inhibition rates (4%-46.7%) reported by previous studies (Chibowski et al. 2003, Sohaili et al. 291 

2016, Tijing et al. 2011). This might be because of the interactions between silica- calcium carbonate 292 

fouling was broken with MF treatment. With MF application, the thickness of hydration film on the 293 

surfaces of the silicates and silica were reduced, which may increase the adsorption capacity of silica 294 
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particles to cations (e.g. Ca2+), reduce the concentration of water cations (Szkatula et al. 2002), and 295 

caused the carbonate precipitation were hard to be formed in BWDS. In addition, previous reports have 296 

shown that silica solution may promote the formation of amorphous calcium carbonate when pH value 297 

was high in water (Kellermeier et al. 2012)  Our results illustrated that MF could increase the pH value 298 

(Fig 2), which indirectly affected the formation of CaCO3 fouling. On the contrary, carbonate can serve 299 

as the nucleation sites for the formation of silicate (Umar et al. 2013). Once carbonates are formed, it is 300 

easy for silicate to deposit on the surface of carbonates (Schilde et al. 2013). Since MF effectively 301 

controlled the carbonate precipitations, MF may indirectly lead to the reductions in silicate contents. In 302 

addition, MF also promoted the polymerization of calcium and magnesium ions with soluble silicon in 303 

BW, resulting in the reduction of soluble silica content in BW Fig. 7b and the increase of silicate 304 

precipitation, which settled before entering BWDS. Moreover, MF promoted the crystal form of 305 

carbonate from calcite to aragonite. Shen et al. (2019) study have demonstrated that the aragonite has 306 

less adhesion to silicates and silica in comparison with calcite, which may also lead to the reductions of 307 

silicates and silica in MF-treated groups. 308 

4.3 MF device selection and engineering application 309 

Although the results proved that MF effectively controlled the composite fouling in BWDS, it is 310 

necessary to evaluate the engineering implications of the results for the successful application of MF (Fig 311 

S2). Acidification, the most common method for mitigating fouling in agricultural BWDS, was compared 312 

with MF. Our results show that anti-fouling ability of acid treatment was slightly better 0.77-8.44% than 313 

MF (Aali et al. 2009). However, the scale inhibition effect of acid treatment could not be maintained in 314 

long term. Frequent acid flushing is required to maintain the fouling inhibition. On the other hand, due 315 

to the stable physiochemical properties of silicates and silica, the acidification does not always perform 316 
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better. While MF could control the deposition of silicates and silica, which is more powerful in 317 

controlling silica fouling. As for environmental risks, acid injection would frequently contribute to soil 318 

acidification, soil hardness and, consequently, cause damages to crop growth (Jozefaciuk et al. 2000, 319 

Song et al. 2019). However, the environmental risks associated with MF is mainly due to the electricity 320 

consumption by EMF, therefore MF could be considered as a cleaner, and more environmentally friendly 321 

fouling inhibition method. In addition, MF has been proved to be able to improve soil structure and 322 

enhance crop yields (Hachicha et al. 2018). Capital costs is another major factor closely related with the 323 

successful implications of anti-fouling methods. In comparison, the initial costs of MF are lower, and no 324 

additional operating costs are needed. Thus, the accumulative costs of permanent magnetic field during 325 

the 1000 h is only $245.3, while during the same operating hours, acid treatments would need acid 326 

injection for a couple of times, which would further increase the labor cost. The total cost of technology 327 

reached $703.3 shown in supplementary material, section 3. Therefore, the operating cost of MF during 328 

is much lower than the acidification. Based on these results, the MF is a promising method of fouling 329 

control in agricultural BWDS.  330 

This study also observed that the anti-fouling efficiency among different MF types varied greatly. 331 

The fouling mitigation ability of PMF was higher than EMF. The better anti-fouling ability in PMF 332 

treatments are attributed to the different responses of water quality with the two types of MF generation 333 

methods. It was observed that the water quality parameters in PMF treatments were changed more greatly 334 

than EMF treatments (Fig. 2). This was probably due to the magnetic flux density of MF in PMF 335 

treatments were higher than EMF treatments. The MF magnetic flux density in PMF treatments ranged 336 

600 - 900 mT, while the magnetic flux density were less than 300 Gs in EMF treatments. Chang and Tai 337 

(2010) found that the higher of MF magnetic flux density, the higher fouling inhibition efficiency. 338 
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Meanwhile, the cost of the PMF magnetizer is only about 20% of the EMF magnetizer, and there is no 339 

external consumption of electricity in PMF treatments. Therefore, PMF is highly recommended for 340 

composite fouling inhibition in BWDS. Moreover, in this study, efficiency of fouling removal is further 341 

enhanced by 13.6-15.2% using a higher magnetic strength of 900mT. Some scholars have also found the 342 

stronger magnetic field (400mT–1500mT) the application of PMF promotes the precipitation of aragonite 343 

polymorph of CaCO3 (Knez and Pohar 2005, Kobe et al. 2002) At high magnetic strength, plausibly the 344 

fouling have greater ionic charge and more energy for the charged particles to vibrate. However, there 345 

should be an amenable range of magnetic strength to be installed in the treatment device and it is 346 

recommended to be between 900m T and 1500m T. 347 

5 Conclusions 348 

(1) MF (magnetic field) significantly inhibited the formation of composite calcium -silica fouling 349 

in brackish water distribution systems, and the fouling inhibition rate reached 30.2-54.8%. Moreover, 350 

MF effectively alleviated the clogging of brackish water distribution systems, and increased the Dra by 351 

26.5-49.7%; 352 

(2) MF reduced the calcite content by 38.2%-64.3% and increased the aragonite content by 15.5-353 

48.8%. In addition, MF increased the unit cell volume (Cv) of calcite and aragonite by 11.4-43.43 Å3 and 354 

7.2-31.73 Å3, and the Ca-Ca and Ca-C bonds of calcite increased by 0.1-0.5% and 0.3-1.5%, the Ca-Ca 355 

and Ca-C bonds of aragonite increased by 0.1-0.4% and 0.3-1.1%. Finally, MF decreased the calcium 356 

carbonate fouling content by 33.4-60.7%. 357 

(3) MF reduced the content of three types of silicates (chlorites, muscovite and anorthite) by 0.97-358 

2.44 mg cm-2, 0.53-1.06 mg cm-2, 0.75-1.45 mg cm-2, respectively, and finally reduced the accumulative 359 

content of silicate by 21.8-47.9%, and silica reduced by 22.7%-44.3%. 360 

(4) Different MF treatment will significantly affect the formation of composite calcium carbonate -361 
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silica fouling. Compared with EMF, the fouling inhibition rate of PMF increased by 12.3-35.1%. And 362 

PMF 900 mT was 13.6-15.2% higher than PMF 600 mT, while, EMF 20 kHz was 10.9-12.6% higher 363 

than EMF 30 kHz. This study recommends using PMF 900 mT to control composite calcium -silica 364 

fouling  365 
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Captions for Figures and Tables in the Paper 

Fig. 1 Layout of the test system platform. 

Fig. 2. Effects of MF on water quality, fouling content and BWDS performance. 

Fig. 3. Effect of MF on proportions of mineral components and fouling surface morphology 

Fig. 4. Variations of content and unit-cell parameters of calcium carbonate fouling  

Fig. 5. Variations of content and unit-cell parameters of silica fouling  

Fig. 6. Correlation among BWDS performance, mineral components and water quality  

Fig. 7. Effects of MF on suspended matter, silica concentration and particle size 

Table. 1. Water quality characteristics tested during the experiment   
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Fig. 1. Layout of the test system platform 

Note: taking EMFs and PMF treatments as an example, the non-MF groups did not contain magnetizers. 
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Fig. 2 Effects of MF on water quality, fouling content and BWDS performance.

(a) EC, Electrical conductivity; (b) pH, Potential of hydrogen; (c) ST, Surface Tension; (d) ORP, Oxidation-Reduction 

Potential; (e) Content of Fouling; (f) BWDS performances, average discharge variation rate (Dra) of BWDS

a b

c d

e f
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Fig. 4. Variation of content and unit-cell parameters of calcium carbonate fouling.

(a) content of calcite; (c) content of aragonite; (b) and (d) the unit-cell parameters of calcite and aragonite. Cv is cell 

volume of mineral, Ca-C and Ca-Ca are bond length etc.

a b

c d
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Fig. 5. Variation of content and unit-cell parameters of silica fouling

(a) chlorites, (c) muscovite, (e) anorthite, and (g) silica; and their unit-cell parameters (b), (d), (f), and (h)

a b

d

f

c

e

g h
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Fig. 6. Correlation between BSWDS performance, mineral components and water quality parameters

Note: (a) Spearman correlation of water quality, minerals, Dra and DW; (b) is the structural equation model analysis 

(SEMA). The SEMA shows the relationship between the MF treatment, the content of the mineral component and the 

water quality. Red and blue radial lines respectively represented significant positive correlation (p<0.05) and significant 

negative correlation (p<0.05). The red double-headed arrows represent positive and negative interactions, respectively, 

and the thickness of the arrow represents the strength of the correlation. The number on the arrow represents the standard 

path coefficient (β). Model testing parameters (χ2=18.3, df=7, n=1294 independent samples).

a

b
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Fig. 7. Effects of MF on suspended matter, silica concentration and particle size

(a) Particle size, (b) Silica concentration, (c) Zeta potential, (d) Suspended solids under filter / before filter

a b

c d
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Table.1 Water quality parameter  
Parameters Results Parameters Results 

pH 7.7 +/- 0.6 Bicarbonate ion (mg L-1) 483.6 +/- 19.2 

suspended solids (mg L-1) 38.2 +/- 5.3 Sulfate anion (mg L-1) 641.3 +/- 21.3 

electrical conductivity (dS m-1) 2.64 +/-0.06 Chloridion (mg L-1) 442.2 +/- 15.9 
Potassium ion (mg L-1) 47.6 +/- 2.04 Phosphorus ion (mg L-1) 46.1 +/- 5.6 

Sodium ion (mg L-1) 521 +/- 13.5 Iron ion (mg L-1) 12.4 +/- 3.1 

Magnesium ion (mg L-1) 83.4 +/- 5.7 Calcium ion (mg L-1) 191.2 +/- 10.3 

Temperature ( ) 27 +/- 6.7 Oxidation reduction potential (mv) 79 +/- 3.2 

Silica concentration (mg L-1) 40 +/- 5.8 Surface Tension (m N m-1)  52 +/- 2.3 

Zeta potential (mv) -7 +/- 1.3   
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