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A B S T R A C T   

Utilizing brackish water with drip irrigation technology, due to its precise water control alleviates the secondary 
soil salinization, and improves crop yield and quality, which offers sustainable agricultural development op-
portunities in saline areas. However, the complex characteristics of brackish water increase the risk of drip 
irrigation emitter clogging, which inhibit its promotion and adoption. It is necessary to find out the dominant 
water quality ions that lead to emitter clogging under multiple ion interactions when using brackish water under 
multiple ion coexistence conditions. Thus, the in-situ pilot research was conducted to study the emitter clogging 
mechanism using brackish water collected from 16 different salt-alkaline regions. A comprehensive evaluation 
with the consideration of 11 water quality ions on emitter clogging were conducted. Results showed that the 
degree of emitter clogging gradually increased in the first 40 days of irrigation, hereafter started an accelerated 
reduction until the days 64 of brackish water application. Spearman correlation and structural equation 
modelling were used to identify the main factors contribute to emitter clogging. And results indicated that 
calcium fouling (CF) and silica fouling (SF) were the major fouling minerals in the emitter flow channels. Ca2+, 
CO3

2-+HCO3
- , pH, total hardness (TH), and zeta potential (ZP) were the key water characteristics leading to 

emitter clogging. These factors directly affected CF and SF, while also affecting the Mg2+, Mn2+, Cu2+, and other 
water quality factors which indirectly enhanced the CF and SF. Thereafter a few water quality control strategies 
were proposed based on emitter clogging and soil salinization mitigation. This study identified the key water 
quality ions that induce drip irrigation emitter clogging when using brackish water, provided solid support for 
solving the clogging issue, and promoted the high-efficient utilization of brackish water in saline areas.   

1. Introduction 

Sustainable agriculture is highly dependent on soil and water re-
sources (Ondrasek and Rengel, 2021; Bagheri and Teymouri, 2022; 
Masud et al., 2019). However, in recent decades, decreasing of arable 
land per capita and the shortage of freshwater resources have become 
major obstacles to sustainable agricultural development (Dinar et al., 
2019; Viana et al., 2022). Besides, saline soils are widely distributed, 
estimated as 1 billion hm2 globally (Wang et al., 2018), and still growing 
with annual rate of 10%. As a result, saline area has become an 
extremely important strategic resource of reserve arable land and a 

potential grain-producing area. Meanwhile, shallow brackish water is a 
major source for agriculture irrigation water in saline soil areas (Zhang 
et al., 2022). Brackish water irrigation would help alleviating the 
drought associated issues and freshwater scarcity. However, the 
improper and intense saline irrigation patterns may lead to exacerbation 
of secondary salinization and long-term damage to soil ecosystem 
(Singh, 2009; Haj-Amor et al., 2022). Therefore, brackish water cannot 
be directly irrigated, usually pre-treated using methods such as filtration 
and desalination (Guo et al., 2021). In addition, its application for 
agricultural irrigation is limited by the huge infrastructure and cost 
(Slater et al., 2020). Therefore, an effective strategy for brackish water 
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irrigation is urgently needed. Drip irrigation can be more widely applied 
to brackish water because of its fine volume control and its ability to 
reduce salt accumulation in the soil root zone (Li and Kang, 2020), drip 
irrigation was considered the most suitable technique for using brackish 
water irrigation in saline soils. Action as a salt drench, drip irrigation 
will effectively alleviate salt stress in crop root zone, minimize the 
hazards of secondary salinization, protect the soil environment (Wang 
et al., 2019b) and improve saline crop yield and quality (Liang and Shi, 
2021; Zhao et al., 2021). 

Drip irrigation with saline or brackish water in drought areas has 
been widely used (e.g., Israel, Egypt, Spain, etc.) (Sun et al., 2017; Dagar 
et al., 2019). However, the brackish water contains large amounts of 
Ca2+, Mg2+, CO3

2-, HCO3
- ions and suspended particles (Generous et al., 

2020), and drip irrigation emitter flow paths are very narrow (usually 
0.5–1.2 mm), being easy for suspended particles to accumulate and 
result in emitters clogging(Shen et al., 2022). Consequently, the use of 
brackish water affects the management of the drip irrigation systems. 
Therefore, the quality of brackish water is a key factor for emitter 
clogging in saline or brackish water utilization with drip irrigation. 
Previous studies suggested that Ca2+ and Mg2+ were likely to precipitate 
as calcium carbonate (CaCO3) and dolomite (CaMg(CO3)2), which were 
major clogging compounds when using brackish water in drip irrigation 
emitters (Wang et al., 2019a; Wang et al., 2022a). Some studies also 
suggested that PO4

3- and SO4
2- in brackish water were prone to forming 

phosphate and sulfate precipitates (Wang et al., 2021b). Barzegari et al. 
(2020) reported that particulate content in brackish water was the key 
factor to emitter clogging. Zhangzhong et al. (2019) highlighted that 
electrical conductivity (EC) of irrigation water determined the intensity 
of emitter clogging of brackish water in drip irrigation, and severe 
clogging was found when EC exceeded 4 ds/m. In comparison, Liu et al. 
(2022) reported that clogging increased significantly when brackish 
water total dissolved salts exceeded 5.0 g/L. So far, previous studies 
analyzed the emitter clogging from the perspective of the single brackish 
water quality parameter. However, the potential interaction of water 
quality ions may lead to a more complex clogging (Xiao et al., 2023). For 
instance, Ca2+ content directly affected the formation of calcium car-
bonate fouling, while Mg2+, Mn2+, K+ content and pH had a noticeable 
influence on formation of calcium carbonate fouling (Rahardianto et al., 
2007; Gräber et al., 2021). Thus, the co-existence of multiple water 
quality ions of the brackish water may intensify the process and mech-
anism of drip irrigation emitter clogging, which was unknown yet. 

Therefore, the main study aims to: (1) identify how brackish water of 
different quality affects emitter clogging; (2) specify the key brackish 

water quality ions and the mechanism of emitter clogging; and (3) 
propose possible water quality control strategy for mitigating emitter 
clogging using saline brackish water. 

2. Materials and methods 

2.1. Experimental basic information 

This study was conducted in the Irrigation Test Station of the First 
Division Water Resources Management Center of Xinjiang Production 
and Construction Corps (81◦2′E, 40◦6′N). Fig. 1 shows the drip irrigation 
system testing system. During the test period, the brackish water was 
temporarily stored in the water tank, filtered in a screen filter (length ×
width × height: 290 ×260 ×150 mm, filtration level: 120 µm), and then 
conveyed to the drip irrigation system. 16 different brackish water 
sources collected from different areas at Alar, Xinjiang, were utilized. 
Detailed location information about the water sources collected are 
shown in Table S1. The experiment operated continuously 10 h per day, 
with a total operation of 64 days. Three types of the non-pressure 
compensated emitters (with rated outflow of 1.0 L/h, 1.6 L/h and 2.0 
L/h, respectively) were applied as three replications those under the 
same working conditions, and their structural parameters are shown in  
Table 1. During the test period, the measured outflow was corrected to 
eliminate the influence of water temperature on emitter clogging.  
Table 2 summarizes the major water quality characteristics for the 
different treatments. 

2.2. Evaluation of emitters’ performance 

The system consisted of three layers those 15 m in length, and each 
layer installed one type of drip irrigation lateral mentioned above. The 
emitters were evenly installed along drip laterals with 30 cm interval. A 
total of 50 emitters were involved in each drip irrigation lateral and the 
rated outflows were performed at the beginning of system operation. 
The emitter outflow was tested every 8 days (day 8, day 16, day 24, day 
32, day 40, day 48, day 56 and day 64, respectively), involving all the 
emitters on the drip irrigation lateral. The system head pressure was 
adjusted to 0.1 MPa before conducting the test. Then, the emitter 
discharge was collected and weighed using a high-precision electronic 
balance (accuracy of 10− 4 g). After correcting the measured discharge 
regarding the temperature according to the method proposed by Pei 
et al. (2013) and Liu et al. (2019), the average relative flow rate was 
calculated as average discharge variation rate (Dra) to determine the 

Fig. 1. Test set-up diagram. 1- water tank, 2-water inlet, 3-water pump, 4-emitters, 5-precise adjusting valve, 6-exhaust device, 7-screen filter.  

Y. Wang et al.                                                                                                                                                                                                                                   



Agricultural Water Management 289 (2023) 108544

3

degree of emitter clogging (Li et al., 2019). The Christiansen coefficient 
of uniformity (CU) was used to evaluate the emitter’s outflow uniformity 
(Christiansen, 1942), and the detailed calculation process is shown in 
the supplementary material (Section 1.2). 

2.3. Clogged material sampling and analysis 

The fouling produced in the emitter labyrinth channel was assessed 
in 50 emitters of the dripline whose discharges were close to average. 
Sampling was performed on days 16 and 64 days of system operation. 
Carefully stripped emitter samples were cleaned for 20 min using an 
ultrasonic cleaner (Manufacturer: Hangzhou Farent Ultrasonic Cleaning 

Co., Ltd, China; Model: GVS-10 L). Sample drying in the oven for 48 h 
(70 ◦C) (Jiangsu Aobo Technology Co., Ltd, China; Model: DER-232). 
After that, the final dry weight (DW) were obtained by weighing using 
an electronic balance (Guangdong Juheng Precision Measurement & 
Control Co., Ltd., China; model: ERT, accuracy: 10− 4 g). The dried 
samples were ground and analyzed by X-ray diffractometer (Bruker, 
Germany;. Model: D8-advance) to get the polycrystalline diffraction 
pattern, which in turn yielded the compositions and contents of the 
mineral fractions, such as carbonate fouling (CF) and silicate fouling 
(SF). Surface morphology of clogged material was analyzed by SEM 
(manufacturer: TESCAN, Czech Republic; Model: VEGA COMPACT, 
Voltage: 25 kV, amplification ratio: 400–15000). 

Table 1 
Structure parameters of emitters.  

Emitter Rated discharge q (L/h) Flow path dimensions (mm) Discharge coefficient 
kd 

Flow index 
x 

Emitter flow channel structure 

Length Width Depth 

E1  1.00  34.41  0.85  0.72  3.61  0.53 

E2  1.60  27.48  1.07  1.14  5.40  0.52 

E3  2.00  25.29  0.87  1.04  6.50  0.61 

Note: The size of the flow channel was measured by electron microscope, and the rated flow rate, flow coefficient and flow index were tested according to the standard 
(GB/T17188-1997). 

Table 2 
Water quality characteristics for the different treatments.  

Types pH Ca2+

(mg/L) 
Mg2+

(mg/L) 
Mn2+

(mg/L) 
Cu2+

(mg/L) 
K+

(mg/L) 
Na+

(mg/L) 
CO3

2-+ HCO3
- 

(mg/L) 
SO4

2- 

(mg/L) 
TH 
(mg/L) 

ZP 
(mV) 

WQ1 7.75 
± 0.02b 

423.83 
± 6.05ef 

287.33 
± 7.34i 

185.67 
± 5.46b 

1.33 
± 0.24c 

32.25 
± 2.11de 

43.69 
± 2.13 f 

134.0 
± 4.05 h 

2938.67 
± 75.98 cd 

1033.33 
± 50.52def 

-2.81 
± 1.15cde 

WQ2 7.69 
± 0.02e 

334.00 
± 7.04i 

345.67 
± 13.99 f 

98.25 
± 3.13 f 

1.07 
± 0.15c 

51.85 
± 1.79a 

68.32 
± 1.46a 

118.83 
± 3.49fg 

2246.33 
± 75.72 g 

973.33 
± 56.04fg 

-5.97 
± 1.81gh 

WQ3 8.05 
± 0.09 f 

453.00 
± 11.09d 

401.00 
± 6.54d 

85.50 
± 1.87 g 

2.45 
± 0.16b 

34.08 
± 1.88d 

46.16 
± 1.42e 

141.5 
± 3.45b 

1599.00 
± 142.84jk 

1107.33 
± 49.11bc 

-2.45 
± 0.68bcd 

WQ4 8.20 
± 0.05 g 

570.83 
± 10.44a 

459.83 
± 13.21b 

62.50 
± 1.87k 

2.59 
± 0.14a 

41.85 
± 2.10c 

55.33 
± 1.46d 

159.83 
± 2.56c 

3532.00 
± 152.95b 

1203.0 
± 80.7a 

-0.96 
± 1.93ab 

WQ5 7.67 
± 0.04a 

332.00 
± 8.60i 

325.98 
± 7.18 g 

105.08 
± 2.29e 

1.37 
± 0.14c 

53.47 
± 2.10a 

69.41 
± 1.55a 

107.5 
± 3.08i 

1964.33 
± 73.95 h 

927.00 
± 39.57gh 

-6.67 
± 0.89 h 

WQ6 7.68 
± 0.04b 

332.50 
± 9.10i 

211.00 
± 7.15 l 

176.33 
± 4.97c 

1.72 
± 0.15b 

41.73 
± 2.56c 

55.39 
± 1.48d 

111.67 
± 2.65j 

2303.33 
± 64.84fg 

960.33 
± 55.39 g 

-6.60 
± 0.85 h 

WQ7 7.75 
± 0.02ef 

419.83 
± 8.35 f 

271.00 
± 7.15j 

106.32 
± 12.58e 

1.15 
± 0.17c 

20.70 
± 1.94 h 

29.49 
± 1.60i 

128.16 
± 2.99ef 

1714.66 
± 85.57ij 

1054.00 
± 59.27cde 

-2.86 
± 1.30def 

WQ8 7.72 
± 0.04ef 

383.50 
± 10.33 g 

215.17 
± 6.21 l 

194.67 
± 6.22a 

1.26 
± 0.16c 

23.80 
± 1.80 g 

32.09 
± 1.42 h 

131.83 
± 4.3de 

4669.67 
± 130.44a 

938.00 
± 53.45gh 

-3.32 
± 0.92cdef 

WQ9 7.71 
± 0.02e 

362.08 
± 11.62 h 

383.00 
± 8.07e 

82.50 
± 2.74gh 

2.15 
± 0.16b 

30.68 
± 2.93ef 

42.41 
± 1.45 f 

125.67 
± 3.20j 

1834.67 
± 107.46hi 

988.66 
± 68.62efg 

-4.23 
± 1.29efg 

WQ10 8.10 
± 0.04 f 

522.50 
± 9.95c 

412.00 
± 7.15c 

73.50 
± 1.87ij 

2.08 
± 0.14b 

43.07 
± 2.05bc 

57.05 
± 1.41 cd 

144.80 
± 3.48de 

2698.67 
± 133.61e 

1140.67 
± 72.76ab 

-1.89 
± 1.35bc 

WQ11 7.73 
± 0.02c 

361.00 
± 13.88 h 

305.66 
± 7.74 h 

69.50 
± 1.87j 

2.03 
± 0.20b 

28.90 
± 2.04 f 

40.20 
± 1.42 g 

127.83 
± 4.12 g 

1476.00 
± 241.91k 

957.66 
± 36.27fg 

-3.43 
± 1.33cdef 

WQ12 7.99 
± 0.06ef 

451.17 
± 15.38d 

354.67 
± 8.98 f 

83.00 
± 2.61gh 

2.07 
± 0.11b 

22.15 
± 1.42gh 

30.32 
± 1.43i 

137.33 
± 2.94d 

1682.00 
± 145.88ij 

1090.67 
± 58.07bcd 

-2.47 
± 0.87cdef 

WQ13 7.56 
± 0.07a 

310.17 
± 7.93j 

206.00 
± 7.15 l 

183.17 
± 3.4b 

1.15 
± 0.15c 

45.02 
± 2.73b 

59.28 
± 1.44b 

105.50 
± 2.81fg 

2841.33 
± 66.67de 

871.00 
± 51.39 h 

-7.26 
± 0.79i 

WQ14 8.17 
± 0.02ef 

534.33 
± 8.48b 

497.17 
± 13.69a 

75.50 
± 1.87i 

2.35 
± 0.16b 

31.75 
± 2.81de 

43.36 
± 1.47 f 

146.16 
± 5.15a 

2453.00 
± 187.09 f 

1155.67 
± 68.2ab 

-1.61 
± 1.34a 

WQ15 7.81 
± 0.03ef 

433.83 
± 8.95e 

406.00 
± 5.93 cd 

77.50 
± 1.87hi 

1.97 
± 0.15b 

42.77 
± 1.75bc 

56.42 
± 1.49 cd 

135.50 
± 3.08bc 

2365.67 
± 122.11fg 

1020.30 
± 70.07def 

-2.62 
± 1.64bc 

WQ16 7.70 
± 0.02d 

342.33 
± 11.86i 

255.17 
± 7.49k 

113.75 
± 8.51d 

1.22 
± 0.14c 

43.13 
± 2.36bc 

58.07 
± 1.42bc 

124.33 
± 2.80 g 

3060.67 
± 98.48c 

984.67 
± 44.76efg 

-5.08 
± 1.02fgh 

Note: TH, Total hardness. ZP, Zeta potential. Different letters for a given quality ions mean that there were significant differences (p < 0.05) between treatments. 
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2.4. Statistical analysis 

The underlying data were calculated using Microsoft Excel and 
analyzed using SPSS. Analysis of variance was performed between 
different treatments (ANOVA). Duncan’s method was used to perform 
the mean separation test. Correlation analysis was performed using 
Spearman. Structural equation modeling analysis (SEM) was used for 
further evaluation. 

3. Results 

3.1. Clogging characteristics under different brackish water drip irrigation 
systems 

Each type of brackish water noticeable Dra along with system 
operation. The Dra showed a gradual and decrease during 0–40 days, 
and then accelerated the decreasing rate during 40–64 days (Fig. 2a, c 
and e). By the end of the system operation time (Fig. 2b, d), compared to 
the local water source (WQ1), for the 3 types of emitters as a whole, the 

Fig. 2. Effects of different brackish water sources on emitter clogging, a, c, and e show the dynamic changes of different emitter types (E1、E2 and E3) on Dra, and b, 
d, and f show the correlations of different brackish water treatments on Dra (discharge average ratio), CU (Christiansen coefficient of uniformity), and DW (dry 
weight of the fouling substances) of drip irrigation system, respectively. 
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water quality 4 (WQ4) resulted in smaller Dra and CU (decreased by 
16.2%− 23.8% and 19.1%− 21.1%, respectively). While WQ13 treat-
ment most significant, which indicated mitigated emitter clogging. 

Moreover, each type of brackish water greatly affected the clogging 
substances in drip irrigation systems (Fig. 2f). As it may be anticipated, 
the total fouling substances’ DW showed a similar decreasing trend 
compared with Dra and CU (Fig. S1 of supplementary materials). At the 
end of system operation, WQ4, WQ10, and WQ14 had a significant in-
crease in clogged material compared to the WQ1. Of these, WQ4 was the 
most heavily clogged (51.7%− 58.7% increase in DW) and W13 was the 
least clogged (40.5%− 53.4% decrease in DW). 

3.2. Drip irrigation emitter fouling substances using different brackish 
water 

The XRD diffraction results showed that the fouling mineral com-
ponents in the emitters using different brackish waters (Fig. 3a) were 
quartz [SiO2], calcite [CaCO3], muscovite [(K,Na)(Al,Mg,Fe)2(Si3.1Al0.9) 
O10(OH)2], clinochlore [(Mg,Fe)6(Si,Al)4O10(OH)8] and albite [Na 
(AlSi3O8)]. Quartz and calcite accounted for 47.1%− 68.2% and 
15.9%− 31.4%, muscovite and clinochlore ranged between 4.0%−

8.6% and 3.2%− 7.1%, and albite accounted for 6.9%− 22.9%, 
respectively. The fouling mineral fraction were divided in two sub- 
groups according to their chemical composition as CF (calcite) and SF 
(quartz, muscovite, clinochlore and albite) (Fig. 3b). CF and SF ranged 
16.0%− 31.4% and 68.6%− 84.0%, respectively. Moreover, SEM 

Fig. 3. Clogging substance distribution in different brackish water sources, a and b show the percentages of fouling of different clogging substances, c shows the 
scanning electron microscope for the clogging substance fouling with the different water qualities (E2 for example, flow path length × width × depth: 
27.48 mm × 1.07 mm×1.14 mm). 
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images further confirmed the differences between the fouling substances 
using different brackish water (Fig. 3c). Compared with WQ1, WQ2, 
WQ5, WQ6, WQ7, WQ8, WQ9, WQ11 and WQ16, fouling particles of 
WQ13 were smaller and relatively loose, the roughness between the 
fouling was reduced, and the fouling was distributed sporadically in the 
flow channels, which was easier to take place. Fouling particles of WQ3, 
WQ4, WQ10, WQ12, WQ14, WQ15 were large and thick and tightly 
bonded together. The fouling surface was not only rough, but also 
covered the entire surface of the drip irrigation system flow channels. 
Among them, fouling particles of WQ4 were the most and the largest, 
and that of WQ13 were the smallest and the least. 

3.3. CF and SF under different drip irrigation systems 

The content of CF and SF at end of test varied significantly consid-
ering the brackish water quality. Fig. 4a shows that WQ4 had the 
significantly (p < 0.05) highest CF (62.6 mg/cm2) and WQ13 had the 
lowest CF (25.7 mg/cm2) in average. The WQ4 showed significantly 

higher CF than WQ3, WQ10 and WQ14. SF had a similar pattern to CF 
(Fig. 4f): SF was maximum (213.0 mg/cm2) for WQ4, and minimum 
(102.1 mg/cm2) for WQ13, although the latter was not significantly 
different than WQ5 and WQ6. The SF of WQ4 was significantly higher 
than those of WQ1. And SF found in the emitter labyrinth for WQ13 was 
significantly lower than with WQ8, WQ9, WQ11, and WQ16. Fig. 4b 
shows that the content of quartz in WQ4 was significantly higher than 
that in WQ1. WQ13 were significantly lower than that in WQ8 and WQ9. 
The highest quartz fouling content (182.8 mg/cm2) was observed in 
WQ4, while the lowest (53.8 mg/cm2) was in WQ13, which was not 
significantly different from WQ5. The clinochlore fouling content was 
consistent with the variation of quartz fouling (Fig. 4d). The highest 
clinochlore content (14.2 mg/cm2) in WQ4 was not statistically 
different than WQ14, while the lowest clinochlore fouling content 
(4.8 mg/cm2) in WQ13 was not significantly different than WQ2, WQ5, 
WQ6 and WQ16. For muscovite fouling (Fig. 4c), the highest muscovite 
fouling content was found in WQ13 treatment (13.5 mg/cm2), but there 
was no difference with WQ5. The lowest muscovite fouling content 

Fig. 4. Effect of different brackish waters on the average ( ± standard error) emitter mineral fraction at the end of system operation (64 days). a, b, c, d, e and f are 
the contents of calcium fouling (CF), quartz, muscovite, clinochlore, albite and silica fouling (SF) in mineral fraction fouling, respectively. Different letters between 
water quality treatments mean significant differences (p < 0.05). 
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(5.6 mg/cm2) was found in WQ4, but there was no significant difference 
with WQ3, WQ10, WQ12, WQ14 and WQ15. The content of albite’s 
fouling (Fig. 4e) at the end of the experiment was the highest with WQ13 
(36.3 mg/cm2) and the lowest with WQ4 (10.4 mg/cm2), which was not 
statistically different from WQ10 and WQ14. 

3.4. Influence path way of different brackish water on drip irrigation 
emitter clogging 

The influence of the different water quality ions in emitter clogging 
was assessed using Spearman correlation and SEM analysis (Fig. 5). 

Results showed that Ca2+ had a direct effect on CF and SF (p < 0.01) 
(Fig. 5a). Mg2+, Mn2+ and Cu2+ had no direct effect on CF and SF 
(p > 0.01), but indirectly affected CF and SF by directly influencing Ca2+

content (Fig. 5b). CO3
2-+HCO3

- had a negative effect on CF and SF 
(p < 0.01). The pH, TH and ZP had also a direct effect on CF and SF 
(p < 0.01). In conclusion, the water quality ions Ca2+, Mg2+, Mn2+, 
Cu2+, CO3

2-+HCO3
- , pH, TH and ZP had significant effects (p < 0.01) on 

DW and Dra (Fig. 5a). Based on SEM results (Fig. 5c), it suggested that 
Ca2+, CO3

2-+HCO3
- , pH, TH and ZP of brackish waters directly affected 

the CF and SF content. Mg2+, Mn2+, and Cu2+ indirectly affected the CF 
and SF content by directly influencing the Ca2+ content, which in turn 

Fig. 5. Influence path analysis of different brackish water on drip irrigation system. a, Spearman correlation analysis; b, Spearman correlation between water quality 
ions; c, the structural equation modelling. Figures near the path arrows indicate the standard path coefficients (β), and the width of the arrows is proportional to the 
degree of the path coefficients. Positive and negative correlations are indicated by black and red arrows, respectively; significant levels are indicated using * for 
p < 0.05 and * * for p < 0.01. Also shown are calcium fouling (CF) and silica fouling (SF). 
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negatively affected the Dra of the drip irrigation system. 

4. Discussion 

4.1. Effect of brackish water quality on drip irrigation emitter fouling 

Applying different sources of brackish water primarily affects 
brackish water quality, which in turn affects drip irrigation system 
fouling in both direct and indirect ways. By affecting the content of 
Ca2+, CO3

2-+HCO3
- , pH, TH and ZP, the fouling content was directly 

shadowed. While Mg2+, Mn2+, and Cu2+ indirectly affect the fouling 
content by directly affecting the Ca2+ content. This study found that CF 
and SF were the main substances affecting the performance of brackish 
water drip irrigation systems and soil environment in different saline 
areas, which included calcite, quartz, muscovite, clinochlore, and albite. 
Zhangzhong et al. (2019) found that calcium carbonate was key in 
emitter fouling using brackish water. Liu et al. (2022) reported consid-
erable quantity of SF and CF with brackish water in drip irrigation 
emitters. In brackish water the coexistence of multiple ions (Ca2+, 
CO3

2-+HCO3
- ) will directly influence the emitter fouling, owing to the 

changes in solubility of carbonate (Al-Agha, 2005), which decreased the 
content of CO3

2-+HCO3
- and made it harder for Ca2+ to combine with 

CO3
2-+HCO3

- to form calcium carbonate (Ma et al., 2020). In addition, 
Ca2+ directly promoted the polymerization of quartz and form quartz 
fouling in the form of silicates (Sheikholeslami et al., 2002). Besides, pH 
directly affected the content of CaCO3 in CF, and CaCO3 fouling was 
easily formed in the presence of Ca2+ at higher pH (Sheng and Zhang, 
2012). The increase in Ca2+ content led to higher saturation of calcium 
carbonate and other fouling since Ca2+ played a dominant role in the 
formation of SF and CF (Zhang et al., 2012). At the meantime, high pH 
changed the silicate ionization and hindered the silicates polymerization 
(Sheikholeslami et al., 2002). Consequently, silicate and other fouling 
were more likely to form through adsorption and ion exchange (Mah-
moud and Ghaly, 2005). The brackish water TH had also a direct impact 
on emitter fouling, due to high concentrations of Ca2+, Mg2+, sulfate, 
chloride, and other inorganic ions (Li et al., 2016a; Li et al., 2021). 
Higher TH, which changed the particle size of flocculants and growth 
rate of fouling, increased the denseness of CF and SF (Zhao et al., 2014), 
and there was a electrostatic adsorption, which created a ZP difference 
(Liu et al., 2021a). This directly affected the ZP of brackish water, 
leading to the break of CaCO3 molecular structure and making it less 
likely to react with fouling deposit like quartz, muscovite, clinochlore, 
and albite. Therefore, the flocculation strength of fouling deposits 
reduced. 

Meanwhile, Mg2+, Mn2+ and Cu2+ also presented indirect impacts on 
emitter fouling, mainly due to inhomogeneous distribution of Mg2+ on 
the surface of CF (Zhang and Dawe, 2000), which adsorbed the Mg2+. 
The surface of granules like quartz, increased the flocculation and 
sedimentation strength of quartz and clinochlore fouling through elec-
trostatic attraction (Ma et al., 2020), resulting in a substantial increase 
on fouling surface area of quartz and clinochlore, which further pro-
moted the fouling deposition in emitter flow channels. In addition, both 
Mn2+ and Cu2+ changed the thermodynamic affinity of Ca2+, which 
broke the calcite and quartz fouling morphology and made it easier for 
aggregation deposition in drip irrigation systems (Kent et al., 2002). 
Meanwhile, Ca2+ provided numerous binding sites in muscovite and 
albite (Inesi, 2008), but due to the weak bonding between ions, move-
ments will occur through the electrostatic layer, resulting in changes in 
crystal structure (Li et al., 2016b). Mg2+will also enter the lattice 
structure of CaCO3 and occupy the original position of Ca2+ in CaCO3 
lattice to inhibit the continuous growth of CaCO3 precipitation (Nielsen 
et al., 2013) and reduce the adsorption capacity of Ca2+ on albite 
fouling, leading to an increase in current density, a change the ZP and a 
high intensity of flocculation (Moayedi and Kazemian, 2013). With the 
increase of Ca2+ concentration, the competition between Ca2+ and Cu2+

changed to cooperation and a positive synergistic effect between the 

fouling would occur (Lu et al., 2012). 
Moreover, the Spearman correlation and SEM analysis (Fig. 5c) 

showed that Ca2+, CO3
2-+HCO3

- , pH, TH, and ZP of brackish water 
directly affected the CF and SF, and further affected the drip irrigation 
system’s ability to prevent clogging. Mg2+, Mn2+, and Cu2+ indirectly 
affected the CF and SF by directly affecting Ca2+. Since there were plenty 
of binding sites between the fouling (Heo et al., 2012), the growth of one 
type of fouling provided the opportunities for other fouling (Muhammad 
et al., 2022), which indicated the fouling growth was interdependent on 
each other by their own interactions (Ma et al., 2019) and can simul-
taneously affect the anti-clogging performance of emitter (measured as 
Dra and DW) when using brackish water. 

4.2. Engineering applications 

It was determined in this study that major water quality ions of 
brackish water directly affect emitter clogging. Moreover, some reports 
also indicated that key brackish water quality ions can also increase soil 
salinity and reduce the repulsion between soil particles, which in turn 
increase the soil salinization (Bales et al., 2021). Thus, controlling major 
brackish water quality ions may be an effective way to mitigate both soil 
salinization and emitter fouling. 

Ca2+, CO3
2-+HCO3

- , pH, TH, and ZP of brackish water were directly 
linked with emitter clogging. pH, Ca2+ and TH presented strong positive 
correlation with CF and SF, while CO3

2-+HCO3
- and ZP showed a strong 

negative correlation (Fig. 5c). Therefore, lowering the content of Ca2+, 
pH, and TH, and increasing CO3

2-+HCO3
- , ZP in brackish water would 

significantly reduce the risk of CF and SF in emitters. Water magneti-
zation may be used for this purpose. Firstly, magnetization will promote 
the Ca2+ and HCO3

- quick reactions to form microcrystalline particles 
and will reduce the CF deposits. Secondly, magnetization will also 
change ZP to encourage flocculation, which will inhibit the SF formation 
(Liu et al., 2021b). The use of magnetized water increased the perme-
ability coefficient of saline soils and release of soil exchange ions, which 
further improved the soil physicochemical properties and prevented the 
secondary salinization (German et al., 2019; Wang et al., 2021a). 
Furthermore, in order to avoid CF and SF in emitters, the application of 
humic acid compound fertilizer to minimize the TH in brackish water by 
chelating the calcium and magnesium ions was recommended (Wang 
et al., 2022b). The application of humic acid fertilizer could promote the 
formation of soil aggregates and increase the water and fertilizer 
retention capacity of soil, which reduce the degree of soil salinization 
(Liu et al., 2020; Huang, 2022). 

Ca2+ was directly affected by Mg2+, Mn2+, and Cu2+, which indi-
rectly affected the CF and SF. Mg2+ and Cu2+ had a significant positive 
correlation to Ca2+. Since the ionic radii of Cu2+ and Mg2+ were smaller 
compared to Ca2+ (Volkov et al., 1997), substitution reactions between 
Mg2+ and Cu2+ and Ca2+ would lead to distortion of crystal structure of 
CF (Huang et al., 2022). It has been suggested that magnesium nitrate 
and cupric nitrate fertilizers were capable of changing the structural 
morphology of calcium under thermodynamic action (Chen et al., 
2022). Also, the addition of NO3

- will reduce the Na+ content in soil 
through ion exchange with Na+ in saline soils (Kaburagi et al., 2015), 
which will improve the saline soil and be able to stop the increase of 
salinization. Therefore, this study suggested that Mg(NO3)2 and Cu 
(NO3)2 fertilizer application could reduce both the emitter clogging and 
soil salinization risks when using brackish water in drip irrigation sys-
tems. In addition, Mn2+ presented a significant negative correlation with 
Ca2+. Increasing the Mn2+ content will directly change the adsorption 
capacity of Mn2+ on Ca2+ in brackish water (Wessel and Tietema, 1995), 
ion exchange (Novikov et al., 2014), and indirectly change CF and SF. 
Hence, MnSO4 fertilizer was also recommended to brackish water to 
prevent emitter clogging (Wang et al., 2022a). SO4

2- also had the dual 
effect of lowering pH and reducing salinization by chemical reaction 
with Na+. In this case, based on the extension and application of this 
study, more efforts should be made to address the following two aspects 

Y. Wang et al.                                                                                                                                                                                                                                   



Agricultural Water Management 289 (2023) 108544

9

in the future: (1) 16 brackish water sources from different saline soil 
areas were used in this study, and more brackish water from other saline 
regions is needed to further verify the generality of the results; (2) the 
effect of performance from the emitter perspective was only investigated 
in this study, and the actual effect on field crops for different saline 
water sources needs to be uncovered. 

5. Conclusions 

From this study, the following main points were concluded:  

(1) Drip irrigation emitter clogging using different brackish water 
sources all increased gradually during the first 40 days (400 h), 
and then accelerated additional increase until the end (64 days, 
640 h of operation). Differences between the different brackish 
water treatments were significant. When system operation ends, 
the average values of Dra and CU ranged from 49.8%-88.1% and 
48.0%-87.9%, respectively.  

(2) According to the chemical composition, CF (calcite, 15.9%- 
31.4%) and SF (quartz, 47.1%− 68.2%; muscovite, 4.0%− 8.6%; 
clinochlore, 3.2%− 7.1%; albite, 6.9%− 22.9%) were the major 
fouling compounds accumulated. At the end of the experiment, 
their contents being 25.7–62.6 mg/cm2 (proportion of 16.0%−

31.4%) and 102.1–213.0 mg/cm2 (proportion of 68.6%− 84.0%), 
respectively. The contents of CF and SF were significantly 
affected by the brackish water sources.  

(3) Among different types of brackish water sources applied, Ca2+, 
CO3

2-+HCO3
- , pH, TH, and ZP were identified as the key factors 

causing the emitter clogging since they directly affected the CF 
and SF. On the other hand, Mg2+, Mn2+, and Cu2+ indirectly 
affected their formation by changing Ca2+. Therefore, water 
quality ions especially Ca2+, CO3

2-+HCO3
- , pH, TH and ZP should 

be reasonably selected for saline areas brackish water drip 
irrigation. 
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