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ABSTRACT

To reduce the negative effects of using treated wastewater (TW) on soil properties, several tech-
niques, methods, and strategies are used. One of these new techniques is electromagnetic (EM)
water treatment technology. Using the aqua-4D physical water treatment device, we studied the
effect of irrigation with electromagnetically treated TW (ETW) on soil and drainage water charac-
teristics. Replicated pot experiments involving electromagnetically treated and non-ETW applied
to cultivated and uncultivated soil were conducted under shelter. Results showed that irrigation
with ETW increases soil moisture, soil electrical conductivity (ECe) and soil available K, whereas it
decreases soil alkalinity (pH) and soil chemical contents such as Na*, CI-, Ca*, Mg?*, and SOZ’ com-
pared with non-ETW, for both uncultivated and cultivated soils. It was also observed that irrigation
with ETW caused a significant increase in volume, electrical conductivity (EC), and soluble salts of
drainage water compared to non-ETW. In this regard, our study has shown promising potentials for
EM treatment to use TW in agriculture as well as to improve soil quality.
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1. Introduction

It is imperative to save water to preserve this vital
resource. Water resources are under pressure, particu-
larly in semi-arid and arid regions, where water is scarce.
Nevertheless, the demand for water increases while the
resources availability decreases because of the ground-
water overexploitation, pollution by solid discharges, and
waste in rivers, unbalanced distribution, sectoral conflicts
of water use, population growth, and management incapac-
ity. In Tunisia, water resources are limited and agriculture
is the main water resources consumer, about 76% of total
national consumption. The treated wastewater (TW) use as
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an alternative resource has become essential to cope with
water scarcity and to meet the growing demand for water
of agricultural irrigation. The TW use in agricultural prac-
tices, (i) allows the fertilizing material contained in these
waters to be exploited, thus saving fertilizers and (ii) con-
stitutes a measure to protect coastal waters by preventing
the TW discharge into the sea. Besides the TW advantages,
it presents risks. Its physico-chemical quality can ultimately
lead to the irrigated soil degradation and the metallic ele-
ments accumulation in soil and plants. To deal with these
problems, emerging new techniques to improve the TW
quality as well as to reduce water consumption, is of sig-
nificant importance. One of these new techniques is EM
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water treatment technology. It is an effective treatment and
less expensive than other conventional methods of water
treatment. Since the late 1970s, research has mainly focused
on the magnetic field, so that today, speaking of EM treat-
ment, we only refer to magnetic treatment. The magnetic
water treatment attracts a special attention due to its sim-
plicity, safety, ecological purity, and low operating costs
[1]. In recent decades, many authors have highlighted the
beneficial effect of magnetic treatment on wastewater and
have demonstrated the high efficiency of this treatment as
a complement or alternative to wastewater treatment [2,3].

Magnetically treated water (MTW) is a water passed
through a magnetic field, leading to change on behavior of
water molecules and salts ions, causing changes in water
physical and chemical properties [4]. The water structure is
directly influenced by the magnetic field, due to the dipole
polarization of water molecules [5]. Water is composed of
hydrogen and oxygen atoms, and its molecules are linked
by an intermolecular force which is the hydrogen bonds.
Kiselev and Heinzinger [6] reported that changes in water
structure under the magnetic field influence were linked
with hydrogen bonds. When the magnetic field intensity or
the magnetized time increases, this field weakens the hydro-
gen bonds in water [7]. On the opposite, other research has
shown that hydrogen bonds become stronger [8] or more
stable [9] under the magnetic field influence causing modi-
fications on the water structure. The literature review indi-
cates that the magnetic field effect on the water depends on
the intensity of this field, the magnetization duration, the
water temperature, and its flow [10]. The magnetic field
effects on the water have been the subject of researcher’s
interest in different fields despite controversy and lack of
a complete understanding of phenomena. The reported
results have low reproducibility, are little consistent and
are seldom accepted by physicists. Besides, the mechanisms
behind these effects and the changes that the magnetic
treatment brings to water are not yet clear.

In fact, many researchers presented scientific results
showing that magnetic water treatment was an applied
simple solution for many agricultural applications such
as seedling growth [11]. The MTW can improve the soil
physical properties [12]. According to Fanous et al. [13],
magnetic devices are not used because they cause chemical
changes in the water salts but for the MTW ability to affect
directly the physico-chemical soil properties. The authors
have shown a decrease in salinity and in pH of the soil
irrigated with MTW. Indeed, previous studies have shown
several positive effects in soils irrigated with MTW, in par-
ticular the increase in its moisture [14,15]. Mostafazadeh-
Fard et al. [16] observed, under trickle irrigation, that the
average water content of soil irrigated with MTW was sig-
nificantly higher at the depths of 0-20, 20-40, and 40-60 cm
compared to the soil irrigated with untreated water. They
confirmed that irrigation with MTW increased significantly
the soil moisture up to 7.5% higher than the moisture of
the irrigated soil with the same dose of untreated water.
They concluded that irrigation with MTW can be used to
save irrigation water. These results can be explained by the
soil porosity improvement, which is responsible for water
retention and infiltration, following irrigation with electro-
magnetically treated water as has been shown by Moussa

et al. [17]. In this previous study, ETW has been shown to
provide (i) better water retention and (ii) better leaching
effect [17]. The improvement in soil microporosity explains
increased water retention and availability in the root zone
which allows a reduction in the use of irrigation water while
the improvement in soil macroporosity explains increased
drainage water that allows irrigation with saline water.

Soil salinity is one of the most serious agricultural prob-
lems. Increasing soil salinity, increases the time required
for germination and causes a significant decrease in crop
yields and plant fertility. Various researchers have reported
the MTW ability to decrease soil salinity [18]. Furthermore,
Yadollahpour and Rashidi [19] reported that the mag-
netic treatment of saline irrigation water is reportedly an
effective method for soil desalination. Moreover, Hilal et
al. [10] conducted an experiment in soil columns to eval-
uate the MTW effect on soil salinity and the availability
of some nutrients in sandy soil. They indicated that soil
salinity was significantly decreased after the leaching with
different magnetically treated irrigation water compared
with untreated water at all soil depths, and that the high-
est salinity values were recorded for the deeper soil layers
(15-30 cm). In addition, they reported that the total salt
amount removed from the soil after leaching was signifi-
cantly higher with MTW compared with untreated water.
Mohamed and Ebead [20] studied the effect of irrigation
with MTW on faba bean growth and composition in sandy
soil and found that soil salinity was significantly decreased.
Magnetic water treatment proven to have a favorable effect
in enhancing soil quality.

The literature review showed that the EM treatment
of irrigation water influences several soil properties such
as salinity and moisture content (using different water
qualities). These results led us to hypothesize that the EM
treatment may be effective as a complementary treatment
to TW and that the ETW will have a different effect on soil
and drainage water than untreated water. The TW valori-
zation in agriculture requires effective treatment. The EM
treatment was used because it is a simple method and less
costly (installation and maintenance) than other conven-
tional water treatment methods. There are practically no
reported studies, with valid scientific experiments, on the
irrigation with ETW effects on soil and drainage water char-
acteristics. The current study objective is to investigate the
efficiency of EM water treatment to improve TW quality at
the farmers’ level and to evaluate the effects of irrigation
with ETW compared with a control on some soil character-
istics (soil moisture, pH, ECe, and chemical components)
under different conditions (with and without plants), and
changes in the drainage water characteristics (volume, pH,
EC, and soluble salts).

2. Materials and methods
2.1. Electromagnetic device

The EM device Aqua—4D® 60E, provided by the Swiss
company Aqua—4D Water Solutions, was used for the
irrigation water treatment. It consists of two basic modules:

® An electronic box pre-programmed to generate EM
waves.
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e Treatment units specially designed to transmit the EM
waves into the water. Each treatment unit is composed
of two separate coils which diffuse the EM waves in the
water.

Aqua-4D is a physical water treatment technology
based on quantum physics and electrodynamics. It operates
at low EM fields of a few tens of milli-teslas at the gener-
ator level (voltage of the order of 10 V and intensity of the
order of 1 A) and low frequencies between 0 and 10 kHz;
two waves of harmonic frequencies are imposed simulta-
neously [21].

The experiment was carried out using the settings
(frequencies and intensities) recommended by the device’s
manufacturer [17]. The device’s characteristics are not
revealed (confidential data protected by European Patent
EP2364954A1).

2.2. Experimental design and method

The experiment was implemented in February 2016, in
the National Research Institute of Rural Engineering, Water
and Forests (INRGREF, Ariana, Tunisia). The experiment
was conducted in plastic pots (height: 30 cm, diameter:
32 cm) under shelter in the natural conditions, the holes in
the bottom of each pot served to the drainage water recovery.

Each pot was filled as follows:

* a gravel layer 3 cm thick covered with a geotextile
filter to stabilize the soil and filter the drainage water.

* a layer of reconstituted topsoil 22 cm thick with a mix-
ture of small aggregates, previously sieved to remove
any pebbles or non-soil material.

In the pots, the soil was a sandy clay loam (clay = 26%,
silt = 44%, and sand = 30%), according to the classifying
United States Department of Agriculture texture triangle,
rich in calcium carbonate (25%) due to its limestone par-
ent material and was poor in organic matter (ca. 1%). Soil
chemical characteristics before the start of the experiment
were the following: pH 8.1; ECe 1.1 dS m™; and soluble
cations and anions (meq L) were Ca*" 5.0, Mg* 3.0, K" 0.9,
Na* 6.1, CI- 5.6, HCO; 5.0 COZ 0.0, and SO 4.2. ECe and
ions were measured in the soil saturation extract.

The experiment was laid in randomized complete block
design comprising four treatments. For each treatment,
there were five replicate pots, leading to a total of 20 pots.
The experiment was based on the combination of the
following:

Table 1
Chemical characteristics of irrigation treated wastewater
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* two cultivation status: uncultivated bare soil (P,) or soil
cultivated with the Tunisian barley (Hordeum vulgare
L.), local variety “Manel” (P,). The barley seeds were
planted on the soil surface and covered with 1.5 cm of
soil on February 18, 2016 at the rate of nine seeds per pot.
This crop was chosen because it tolerates the irrigation
water salinity,

* two types of water irrigation: TW treated electromagneti-
cally by the Aqua-4D device (T,) or TW non-electromag-
netically treated (T).

Irrigation water quality: TW were supplied from the
Charguia wastewater treatment plant (brought back from
the Choutrana storage basin — Regional Commissariat for
Agricultural Development of Ariana, Tunisia). The TW ori-
gin is globally urban. The purification treatment is biologi-
cal and activated sludge type (secondary treatment). Before
irrigation and before the EM treatment, the TW were ana-
lyzed and their characteristics are given in Table 1.

The TW were rich in NaCl. In Tunisia, the TW quality
depends on the drinking water quality which is generally
outside the norm and rich in salts (1-2 g L™). EC and pH
are among the main factors indicating the irrigation water
quality. Temporal variation of the pH, EC of the TW are
given in Fig. 1. As seen in Fig. 1, the TW EC presented sig-
nificant variation from one period to another, due to the
variation of the quality of the water available in the stor-
age basin. The salinity varied widely from 2.6 to 9.0 dS m™
(median 3.5). Maybe we came across a peak period. In fact,
the TW were recovered during a period of four months
and the quality of the water available in the storage basin
varied from one sampling to another and we have not
been able to provide the water quantity necessary for all
irrigations from the start of the cycle (problems of storage
and change of chemical and bacteriological water qual-
ity). TW can then be divided into four groups depending
on the date of collection and on the EC values (Table 2).

Electromagnetic water treatment protocol: the treatment
tube was arranged vertically with a valve at the bot-
tom and a funnel at the top. At each irrigation event, TW
was allowed to flow through the EM field in the device’s
treatment unit for about 5 min [17]. Then, the treated
water (T,) was collected and immediately applied to irri-
gate the pots. The irrigation water chemical properties
did not change after EM treatment (data not shown).

Irrigation water management: irrigation was conducted
using a measuring cylinder to provide the necessary water
quantity. The pots were irrigated 23 times. At each irrigation
event, irrigation doses were provided for T, and T, and the

pH EC Anions (meq L™) Cations (meq L)
(dSm) HCO; cr sox Na* K Ca® Mg
Mean 8.3 53 4.8 36.9 14.3 342 14 10.1 7.6
Med. 8.3 3.3 3.7 211 16.6 20.0 1.5 73 9.0
CV (%) 2 49 35 52 45 55 20 40 58

All values were measured over 23 dates from February 23 to May 17, 2016. Med: median; CV: coefficient of variation.
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Fig. 1. Temporal variation of the pH and electrical conductivity (EC) of treated wastewater used for irrigation.
Table 2
Classification of the treated wastewater (TWW) used for irrigation according to their electrical conductivities (EC)
Irrigation water (TWW)
Group 1 Group 2 Group 3 Group 4
Dates 23/02-18/03 22/03-04/04 08/04-26/04 29/04-17/05
Number of irrigation 8 5 6 4
EC (dSm™) 2.92 +0.03 6.97 +0.33 8.82£0.11 3.01+0.36

All EC values are the mean * standard deviation.

water supplies have been adjusted according to the climatic
conditions. During the first period of the irrigation cycle,
from February 23 to April 15, the same dose of water was
brought in for the different treatments. From April 19 and
following the rise in temperature, the irrigation dose for P,
was increased, so that the drainage water quantity is suffi-
cient for the different analyzes. After application on 23 dates,
cumulative irrigation doses (per pot) were approximately:
D, = 340 mm, for P T, and P T,; D, = 373 mm, for P T, and
P, T which Correspond to a total volume V, =27 x 10 2 m?
for PUTU and V, = 30 x 10° m® for PT,. In terms of water
management, irrigation was stopped on May 17: about
10 d before plant harvesting and soil sampling.

2.3. Sampling and analyses

Soil samples were taken after the plant harvesting, in
plastic bags, one mix samples per pot. Soil samples were
air-dried, gently crushed with a porcelain mortar, passed
through a 2 mm sieve, and then stored in plastic containers
at room temperature in the dark.

An aqueous solution was extracted from the soil satu-
rated paste (standard method, USDA 1954) to determine
ECe and dissolved elements. ECe was determined directly
in the soil saturation extract using a conductivity-meter,
water quality meter pen type (model 8361, Cond & TDS).
Calcium (Ca*) and magnesium (Mg?*) were measured by
using complexometry in the presence of ethylenediamine
tetraacetic acid (EDTA). Sodium (Na*) and potassium (K*)
were determined with a flame photometer type JENWAY
PFP7 (NF-A20-603). Bicarbonate (HCO;) and carbonate

(COZ) were measured by using titration with sulfuric acid
(H,SO,) in the presence of methyl orange and phenolphtha-
lein. Chloride (Cl") was measured by using precipitation
titration in the presence of silver nitrate (AgNQO,). Sulfate
(SOF) was determined by nephelometry in the presence
of 0.1 N hydrochloric acid and the dosage was carried
out by the spectrometer, type UV-VIS, at 650 nm. pH was
determined from a soil/water mixture (1/2.5). The mea-
surement was made on the filtrate by the electro-metric
method using a direct reading pH meter (NF ISO 10390
2005). The soil moisture was measured by the gravimetric
method. This method consists of drying (at 105°C) a soil
sample to constant weight and measuring the soil sam-
ple mass after and before drying, the difference between
the two masses is the weight of water contained per soil
sample.

At each irrigation, water samples were taken from both
irrigation and drainage water (1 sample of the drainage
water from each pot = 20 samples), and for 23 dates. Water
samples were taken in Pyrex glass bottles, previously ster-
ilized. The pH and EC measurements were made directly
on the water samples using the same pH-meter and con-
ductivity-meter described above. The determination of the
soluble salts contained in the water samples was carried
out according to the same principles mentioned for the
saturated soil solutions.

2.4. Statistical analysis

Data were statistically analyzed by using an analy-
sis of variance (ANOVA) and the Tukey test at the 5%
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significance level. Data were analyzed using XLStat software
v. 2014.5.03 (Addinsoft).

Statistical analyses included calculation of basic descrip-
tive statistics average, minimum, maximum, standard devi-
ation, and coefficient of variation (CV). The interpretation
of CV was based on the following limits: CV < 10%: low
variability. 10% < CV < 20%: average variability. CV > 20%:
high variability.

Data from the P, treatment (uncropped soil) and data
from the P, treatment (cropped soil) were analyzed separately.

3. Results and discussion
3.1. Effect on soil characteristics
3.1.1. Effect on soil moisture

Average soil moisture values were around 13.3%, 16.4%,
19.6%, and 23.5% for P,T, P,T,, P,T,, and P,T,, respectively.
As shown in Fig. 2, the soil moisture was higher when
irrigated with ETW compared to untreated water (T).
This increase was around 3.1 and 3.9 percentage points
(arithmetic difference of two percentages which represents
the soil moisture) for P, and P,, respectively. The ETW effect
on increasing soil moisture was significant for P, and P,.
Note that the cultivated soil was wetter because the appli-
cated irrigation dose (D,) was higher compared to the dose
(D,) applicated to the uncultivated soil. Results confirm that
ETW led to an increase in the soil moisture: the water pen-
etrates better into the micropores, meaning soils stay moist
for longer, thus reducing irrigation frequency and saving
water. This technology is used to improve soil moisture
conditions for better plant growth as well as to prevent
water stress.

Our results can be explained by the fact that the soil
irrigated with untreated water (T,) reached its permanent
wilting point before that irrigated with ETW and that the
field capacity was greater in the case where the soil was
irrigated with ETW (data not shown), hence a better soil
moisture. The following results are consistent with our pres-
ent study. According to Surendran et al. [22], irrigation with
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MTW (saline and hard water) caused higher soil moisture
compared to the control. Similarly, Zlotopolski [23] showed
that the soil columns retained 25% more water after irriga-
tion with MTW, probably due to the decrease in the water
surface tension. It was also shown that the soil irrigated with
MTW was wetter than the control soil irrigated with the
same water amount but not magnetically treated [24]. When
water is exposed to an EM field, its solubility increases, and
its surface tension decreases [19]. These effects increase soil
wettability properties. Magnetic water treatment increases
water absorption in soil. Hilal and Hilal [25] observed
that irrigation with MTW tripled soil water retention and
reduced soil compaction. In addition, they added that the
MTW loss by evaporation was lower. Gabrielli et al. [26]
also found that aragonite formation, after water magneti-
zation, increases soil osmotic pressure decreasing evapora-
tion. In several studies, this increase in soil moisture may
be due to the decrease in surface tension and viscosity of
water after exposure to EM fields [27]. The increase in soil
moisture after irrigation with ETW may be due to greater
movement of soil water, hence the increase in soil saturated
hydraulic conductivity and soil water infiltration as men-
tioned by Al-Mosawi et al. [12], or by improving the soil
macroporosity as shown by Moussa et al. [17]. This soil
moisture increase has been explained differently: during the
magnetization the water molecules which have been influ-
enced by the hydrogen bonds and the Van der Waals forces
and were in reaction with the ions are released, making the
water more cohesive. Therefore, the water molecules easily
attach to the soil particles, penetrate into the soil micropo-
res, and do not move to the lower soil depths [16,28].

3.1.2. Effect on soil pH

ETW effect on soil pH is shown in Table 3. The results
indicated that both before and after the irrigation cycle, the
soil pH remains basic with a slight decrease (non-significant
variation) compared to the initial soil pH (8.1). The slight
decrease in soil pH has been observed in some other basic
soils irrigated with saline TW and has been reported by
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Fig. 2. Variation of the soil moisture (%) according the irrigation water treatment (T,: untreated irrigation water, T: electromagneti-
cally treated irrigation water). All values are the mean of five replications (1 = 5). Bars with the same letter do not differ significantly
according to the Tukey test (p < 0.05). Error bars are + standard deviation. (a) uncultivated soil (P), (b) cultivated soil (P,).
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several authors [29]. This was explained by leaching with
irrigation water of active calcareous which are responsible
for the soil alkalinity [30].

At the end of the experiment, the soil pH analysis
results showed an alkaline character and the pH values
were slightly affected by irrigation with ETW (Table 3).
There was a slight significant decrease of 0.3 units in the
average soil pH using ETW compared with untreated water,
for both uncropped and cropped soils. Zlotopolski [23]
reported that the decrease in alkalinity is one of the main
observed MTW effects in the soil. These findings concur
with those of Fanous et al. [13], Abedinpour and Rohani
[31], and Maheshwari and Grewal [32]. The decrease in soil
pH has a positive impact on plant growth and productivity
[33]. However, Maheshwari and Grewal [32] hypothesized
that soil acidification may be relatively greater due to the
release of more important organic acids into the rhizosphere
by plants irrigated with MTW compared to plants irrigated
with untreated water. This hypothesis may be valid in our
cultivated soils.

3.1.3. Effect on soil electrical conductivity

A summary of the soil ECe results at the end of the
experiment is illustrated in Fig. 3. ECe measurements of
saturated soil extracts have shown that irrigation with TW
caused an increase in the soil ECe values compared to the
initial soil. ECe values raised from 1.1 dS m™ before irriga-
tion to 6.0-10.0 dS m™ after irrigation (Fig. 3). This increase
was significant for all treatments. This is related to the high
salinity of the TW used for irrigation. The results showed
that the soils were affected by the salinization phenom-
enon and this was explained by the high EC of irrigation
TW [34]. In arid irrigated areas, irrigation practices mobi-
lize naturally occurring salt in the soil and concentrate
those salts already present in the supply water. The use of
saline irrigation water is a main factor in soil salinization.

The results also showed that the ETW use significantly
influenced the soil salinity. The salinity of the soil irrigated
with ETW was clearly lower than the salinity of the soil irri-
gated with untreated water. It’s noticed that using ETW, the
soil ECe value decreased from 8.9 to 6.0 dS m™ for P, and
from 10.1 to 7.5 dS m™ for P,. Thanks to the ETW use, we
note a significant decrease in soil salinity of around 33%

Table 3
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and 26% for P, and P, respectively. Our results agree with
those of Ahmed and Abd El-Kader [35] who stated that the
mean ECe values of soil irrigated with MTW were less than
those of non-MTW. In this context, Mohamed [33] reported
that the ECe of sandy soil decreased after irrigation with
magnetic saline water and concluded that the magnetic
treatment of irrigation water reduces the risk of soil sali-
nization. According to Zlotopolski [23], MTW changes the
distribution of salts between the soil layers by reducing
their contents in the upper layers which are more important
for agriculture. Amer et al. [36] stated that irrigation with
freshwater, saline water, and highly saline water magneti-
cally treated had a positive effect on the decrease in soil ECe
after plant harvesting compared to the soil irrigated with
untreated water and that the changes were decreased with
increasing depth. Moreover, Hamza [37] and Gudigar and
Hebbara [38] studies have shown that soil samples leached
with MTW had lower salinity compared with those leached
with non-MTW. Their results were explained by the elimi-
nation of more salts using MTW compared with non-MTW.

The previous results reveal that irrigation with MTW
can be considered as one of the most valuable modern
technologies that can be able to reduce salt accumulation
to improve soil conditions around plant roots [13] and to
limit the harmful effects of irrigation with saline water. But
there is still no consensus because the literature reveals also
very different, even opposite, results. On the one hand,
Maheshwari and Grewal [32] reported that irrigation with
MTW increased significantly soil salinity. Abedinpour and
Rohani [31] showed that the magnetic treatment of all used
water types led to no significant difference on the soil ECe
values.

3.1.4. Effect on soil chemical contents

Concentration of available cations Na*, K*, Ca?", and
Mg?, as well as anions HCO;, CI, and SO?- in the soil, at the
end of the experiment, are summarized in Table 3. Results
showed that the decrease in the soil ECe using ETW was
accompanied by a variation in the soil chemical contents.
Compared to the control (before irrigation started), the ions
concentrations in the soil solution has increased consider-
ably. As seen in Table 3, for the cations, the dominance of
sodium was clear: Na" > Ca* > Mg? >> K". Regarding anions,

Variation of the chemical characteristics of (a) uncultivated soils and (b) cultivated soils according to the treatment of irrigation water
(T,: untreated irrigation water, T,: electromagnetically treated irrigation water)

pH HCO;- Cr 50> Na* K Ca* Mg?
(a)

T, 81+01a  45+03a 56.6+66a  286+7.1a  440+1l1a 154020  269+2212  17.8+4.0a
T, 78+01b  43+05a 425489  140+3.1b  329+77b 23+03z  185+25b  11.7+0.5b
(b)

T, 80+02a  47+0.4a 682+550  295+401  49.9+25a 15030  324+7.1a  183+12a
T 77016 46+0.7a 5424756 159+41b  385+4.0b 23+02¢  208+19h  127+2.1b

1

Tons in meq L. All values are the mean + standard deviation of five replications (1 = 5). The different letters are significantly different

according to the Tukey test (p < 0.05).
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Fig. 3. Variation of the soil electrical conductivity (ECe) according to the irrigation water treatment (T,: untreated irrigation water, T|:
electromagnetically treated irrigation water). All values are the mean of five replications (1 = 5). Bars with the same letter do not differ
significantly according to the Tukey test (p < 0.05). Error bars are + standard deviation. (a) uncultivated soil (P), (b) cultivated soil

(P)), i: initial soil EC.

chlorides dominance has been noted: CI- >> 502 >> HCO;.
By comparing T, and T, treatments, the results showed
that the Na*, ClI;, Ca*, Mg*, and SO contents accumula-
tion in soil irrigated with ETW has significantly decreased
compared to the soil irrigated with untreated water. The
Na*, CI;, Ca*, Mg*, and SO?- concentrations decreased by
25%, 25%, 31%, 34%, and 51%, respectively for P, and by
23%, 20%, 36%, 30%, and 46%, respectively for P,. Hence,
the ETW use has improved soil quality by reducing the con-
centrations of excess undesirable salts in the soil. Moreover,
ETW had no significant effect on HCO; soil content, while
its concentration decreased (Table 3). In fact, higher soil
moisture increases the soil salts leaching, reducing their
concentrations in the soil. The results (Table 3) showed also
an increase in the soil available K* using ETW, increasing its
availability to plants. High contents of soluble salts accumu-
lated in the soil can decrease the soil productivity and cause
a slowdown and inhibition of several plant species growth.
Irrigation with electromagnetically treated water allowed
a reduction in the concentration of undesirable salts in the
soil which has a positive impact on agriculture.

Excess salts removal or decreasing their activity is nec-
essary for increasing the productivity of salt-affected soils
[36]. Amer et al. [36] added that after plant harvesting, Mg,
Na’, CI, and SO?" contents in soil extraction decreased while
Ca?" and K* contents in the soil extraction increased due to
MTW. In this respect, Hachicha et al. [18] showed that sig-
nificantly less Na* and CI- were found in soil irrigated with
treated saline water. They also found that the concentrations
of SOF, Mg*, Ca*, and HCOj; contents decreased using
electromagnetically treated saline water. Furthermore, it was
proven that irrigation with MTW had a significant effect on
the CI, Na*, and SO? contents decrease in the soil, compared
to control [23]. Zlotopolski [23] added that these ions are
undesirable in the soil since they have very strong negative
impacts on plant growth and yield. In the same study, the
authors showed that Ca? and Mg?* contents did not change
using MTW. Similarly, a comparison of concentrations of
different ions of two soils, one irrigated with MTW and

another irrigated with non-MTW, showed that Na* concen-
trations were 12.1% and 22.5% higher after using untreated
saline water at soil depths of 0-25 and 25-50 cm, respectively
[39]. Mostafazadeh-Fard et al. [40] showed that MTW use,
under trickle irrigation, has good potential to reduce soil
cations and anions, in order to recover the soils affected by
the salt. They observed that the average of sodium, magne-
sium, bicarbonate, chloride, and sulfate ions in the soil irri-
gated with MTW decreased significantly up to 33.6%, 33.6%,
32.8%, 32.5%, and 37.3%, respectively, compared with the
soil irrigated with non-MTW. Their results were explained
by the higher soil water content following irrigation with
MTW. According to Mohamed and Ebead [20], using dif-
ferent MTW sources, soil soluble CI, HCO;, Mg*, and Ca*
were significantly increased. On the contrary, soil soluble
Na* and SO* were decreased using MTW. Moreover, our
results are consistent with those of Mohamed and Ebead [20]
and Hilal et al. [10] who observed a significant increase of
the K* concentration in soil water extract after leaching with
different MTW compared with different untreated water at
all studied soil depths.

3.2. Effect on drainage water characteristics
3.2.1. Effect on drainage water volume

Temporal variation of drainage water volume, according
to the irrigation water treatment (T, and T,) and the cultiva-
tion status (P, and P,), are shown in Fig. 4. Results presented
in the previous figure showed that the difference between
the drainage water volumes from soil irrigated with ETW
and those drained from soil irrigated with untreated water,
was clear. The cumulative volumes of drainage water, for
P T, P,T, P,T, and P T, treatments, are presented in Fig. 5.
It was observed that the volumes of drainage water from soil
irrigated with ETW were higher than those from soil irri-
gated with untreated water, for P and P,. The results showed
that this increase in the drainage water volume became
clearer over time: when the irrigation number was increased.
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Fig. 4. Temporal variation of drained volume from the soil according to the irrigation water treatment (T,: untreated irrigation water,
T,: electromagnetically treated irrigation water). All values are the mean of five replications (r = 5). 1 L =10 m®. (a) uncultivated soil

(P,), (b) cultivated soil (P).

For example, the difference between drainage water vol-
umes, after irrigation with T, and T, was visible after 10 irri-
gations for the cultivated soil (Fig. 5b). This experiment was
conducted taking into account the cumulative effect of EM
treatment. In other words, the more the irrigation number
increases, the more the effect manifests.

Moreover, drainage water volumes from P, were lower
than those from P, although the irrigation dose of P, was
higher than that of P,. This was explained by the barley
water requirement. For the uncultivated soil, the total irri-
gation dose per pot was equal to 27.1 x 102 m?, the aver-
age volumes of drainage water were around 16.1 x 107 m?
and 16.9 x 107 m? for the T and T, treatments, respectively.
For the cultivated soil, the total irrigation dose per pot was
equal to 29.8 x 10 m? the average volumes of drainage
water were around 13.7 x 10 m?® and 15.1 x 102 m? for the

T, and T, treatments, respectively. After 23 irrigations, we
noted that 62% and 51% of the irrigation water were drained
using ETW and only 59% and 46% for the untreated water
for P, and P, respectively. The increase in the drainage
water volume was significant for P, and P,. The improve-
ment in soil macroporosity reported by Moussa et al. [17]
can explain the better water drainage in our case. Drainage is
particularly important in semi-arid and arid areas to prevent
secondary salinization.

3.2.2. Effect on drainage water electrical conductivity

Temporal variation of drainage water EC from the soil
(P, and P,) according to the irrigation water treatment (T,
and T)) are presented in Fig. 6. The results showed that the
EC values varied from 2.5t09.5dSm™, 2.7 and 11.2 dSm,
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Fig. 5. Cumulative volumes of drainage water from the soil according to the irrigation water treatment (T: untreated irrigation water,
T,: electromagnetically treated irrigation water). All values are the mean of five replications (1 =5). 1 L =10 m>. (a) uncultivated soil

(P,), (b) cultivated soil (P,).

2.5 and 13.5 dS m™, and 2.6 and 15.1 dS m™' for P, T, P,T,,
P T, and P T, respectively. It was noted that during the
first eight irrigations the two curves were almost super-
imposed (Fig. 6) which means that there was no difference
between the drainage water EC after irrigation with T, and
T, for P, and P,. From the ninth irrigation (March 22), the
EC values increased for all treatments. At the 20th irrigation
(April 26), the EC values of P, T, and P, T, reached a constant
level, but those of P,T, and P, T, decreased. After 23 irriga-
tions, the mean EC values of the drainage water were of
the order of 5.7, 6.8, 6.9, and 7.9 dS m™' for P T, P,T,, P,T,
and P,T, respectively. The corresponding CVs were 44%,
46%, 54%, and 59% for P T, P,T,, P,T, and P,T,, respec-
tively. The variability of the drainage water EC coefficients
of variation was high since the TW quality used for irriga-
tion varies from one irrigation to another. So, we thought
it unnecessary to calculate the averages and conclude
over the entire period at once. Therefore, we proceeded

to make a descriptive analysis of the results obtained for

each parameter, each time that the irrigation water qual-
ity changed. Drainage water were then classified into four
groups according to the variation of the irrigation water EC
presented below. The obtained results (Table 4) showed that
regardless of the TW EC value, the drainage water EC var-
ied by the same trend: CE increased for P T, and P T, com-
pared to P T and P,T,. Drainage water EC was significantly
influenced by ETW, especially by increasing the irrigation
number. Irrigation with ETW caused a significant increase
in drainage water EC values compared to untreated water,
indicating more salts removal from the saline soil. In fact,
the soil irrigated with ETW had improved its salinity, in
which the salts were leached by the drainage water. Similar
results were reported in literature. Zlotopolski [23] showed
that the salt content at a depth of 90 cm in a soil column
irrigated with MTW was 1.2 times higher than that of the
control. That is, the salts have accumulated in the soil low-
est depths. This can explain the high drainage water EC
in our case. In our study, the soil layer in the pots did not
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Fig. 6. Temporal variation of drainage water EC according to the irrigation water treatment (T,: untreated irrigation water, T : electro-
magnetically treated irrigation water). (a) uncultivated soil (P,), (b) cultivated soil (P,), i: irrigation water EC.

exceed 22 cm; therefore, the salts were evacuated by the
drainage water. According to Gudigar and Hebbara [38],
the MTW use increase the leachates salinity compared to
untreated water. Same findings were reported by Hilal et
al. [10], who found that the soil leaching has been improved
using MTW and that the total salt removal from the soil
after six leachates was significantly increased with MTW
compared with non-MTW. Raheem and Azzubaidi [41]
reported that EC is a general indicator for all anions and
cations being leached and that EC values of the drain-
age water were increased by increasing the magnetic
intensity.

3.2.3. Effect on drainage water pH

The results presented in Table 4 showed that the drain-
age water pH, from both uncultivated and cultivated soils,
slightly varied following the ETW use. pH values slightly
decreased under T, treatment. In fact, ETW had no signif-
icant effect on the drainage water pH from both unculti-
vated and cultivated soils. The ETW effect on the drainage
water pH variation was negligible for P and P,. Similarly,
Raheem and Azzubaidi [41] found that the drainage water

pH were slightly affected by MTW and that the max-
imum increase in pH values was 8.7%.

3.2.4. Effect on drainage water soluble salts

Data concerning the effect of irrigation with ETW and
untreated water on the dissolved concentration of each
chemical component in the drainage water are summa-
rized in Table 4. During the experiment, the drainage water
quality was very variable due to the variability in the irri-
gation water quality and the different studied treatments.
Therefore, similarly the obtained results were analyzed
according to the irrigation water quality. The soluble salts
chemical analysis showed that the drainage waters were
dominated by sodium and chloride. These are common
non-toxic elements that only become problematic when
concentrated in the soil. Results showed that the drainage
water soluble salts (Table 4) were higher than that of the irri-
gation water (Table 1). According to FAO [42], subsurface
drainage water from arid areas always has a higher salin-
ity than the supply water, a higher proportion of Na* and
CI, an increased hardness, and a higher sodium adsorption
ratio. The concentrations of Cl-, SO, K*, Na*, Mg*, and Ca*
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Table 4

Variation of the chemical characteristics of drainage water according to the irrigation water quality which varies depending on the

date. EC in dS m™ and ions in meq L™

pH EC CI- HCO; SO7 Ca* Mg* K* Na*
23/02-18/03 T, 82+0.082 2.8+0.1b  19.0+0.8b 42+15a 78+07b 61+0.6b 50+050 1.3+0.02b 15.8+0.7b
(n=8) T, 82+0232 29%01a 21.4+09a 50+1.7a 99+08z 75+052 61+04a 14+0.052 17.3+0.6a
22/03-04/04 T, 82+0.10a 57+0.5b  37.6+2.5b 44+04a 135+17b 16.6+12b 108+2.7b 1.6+0.03b 24.6+2.1b
(n=5) T, 79+0.050 6.8+03a 47.7+3.5a 56+06a 163+13a 21.8+2.0a 17.7+24a 1.8+0.04a 30.1+1.6a
08/04-26/04 T, 83+0.11a 85+03b 64.6+2.7b 19+11a 197+1.0b 271210 103+04b 1.8+0.1b 49.5+29b
(n=06) T, 82+006b 9903z 74.0+3.0a 35+11a 254+23a 327+16a 12.6+0.7a 22+0.1a 57.0+3.2a
29/04-17/05 T, 83+0.14a 7.6+0.7b  55.5+2.9b 19+02a 191+3.6b 268+13b 98+1.00 20+02b 40.0+2.0b
(n=4) T, 83£007a 98+0.6a 71.7+3.7a 25+02a 300+44a 333+20a 123+0.8z 24+0.1a 555+3.8a
23/02-18/03 T, 83+0.16a 2.7+0.1b  18.8+0.7b 41+09a 79+06b 63+03b 53+04b 11+0.1a 16.1+0.6b
(n=8) T, 82£02% 29%01a 21.0+£09a 52+10a 94+07a 73+05a 64+05z 12+01a 17.5+0.6a
22/03-04/04 T, 8.0+0.10a 59+02a 43.6+13b 46+04a 123+08b 20.6+09h 102+05b 1.6+0.1b 26.6+1.5b
(n=5) T, 79%004a 63+04a 47.8+1.8a 56+06a 153+1.0a 237+18a 11.8+0.6a 19+0.1a 304+1.1a
08/04-26/04 T, 83+0.152 10.9+0.3b 82.5+25b 34+12a 241+15b 333+15b 10.6+12b 19+0.1b 66.2+19b
(n=6) T, 83+£0.09% 11.8+05a 91.4+3.9a 39+13a 292+14a 371+19a 133+09a 23+02a 720+1.2a
29/04-17/05 T, 83+0.092 102+1.1b 76.3+3.9b 23+09a 255+29b 356+33b 9.6+1.7b 19+02b 57.0+2.8b
(n=4) T, 82+007p 14.0+0.7a 110.1+5.1a 3.1+022 341+13a 46.6+28z 154+12a 23+0.1a 821+33a

All values are the mean + standard deviation. The different letters are significantly different according to the Tukey test (p < 0.05).
Statistical analysis was done according to T, and T, water on each group independently of the others. T;: untreated irrigation water,
T,: electromagnetically treated irrigation water, (a) uncultivated soil (P,), (b) cultivated soil (P,), EC: electrical conductivity.

were significantly higher for P,T, and P, T, compared to P, T,
and P,T,. In the other hand, the HCO; concentrations were
higher but not significantly for P, T, and P,T, compared to
P T, and P, T, It was found that salts were more evacuated
by the waters drained from the irrigated soils with ETW
which explains the decrease in the ECe mentioned above.
Our results showed that the ETW efficiency in removing
salts from the soil was more than the untreated water. In this
study, using ETW, harmful ions were deeply leached and
discharged below the root zone. This difference between the
soluble salt contents using ETW was clearest at the end of
the irrigation cycle. The soil chemical contents removal by
drainage with ETW plays an important role in projects of
improvement and reclamation of salt-affected soils. Under
Aqua-4D physical water treatment effect, the excess soluble
salts are more entrained in dissolved form under the rhi-
zosphere showing (i) a better salts leaching, (ii) improved
soil structure, and (iii) higher decrease of soil salinity and
toxicity. These observations were confirmed by other stud-
ies. For example, El-Fakhrani et al. [43] reported an increase
in the drainage water soluble salts concentrations following
irrigation with MTW. Hilal et al. [10] indicated that irriga-
tion with MTW resulted in significant increase in soluble
K and P concentrations in water leachates as compared
with untreated water. Also, Hilal and Hilal [44] reported
that MTW not only increased the leaching of excess soluble
salts but also dissolved slightly soluble salts such as carbon-
ates, phosphates, and sulfates in the soil. Increased leach-
ing of excess soluble salts such as calcium, sodium, and
bicarbonate has been reported by other researchers [40].

4. Conclusions

Agricultural use of unconventional water like treated
wastewater with advanced physical treatment meth-
ods such as EM treatment can overcome water scarcity
problems.

In order to study the physico-chemical characteristics
variation of the soil and drainage water under the effect of
irrigation with ETW and non-ETW, a set of measurements
and analysis were carried out on samples taken from exper-
imental pots subjected at different treatments. Data were
studied as a function of cultivation status (cultivated vs. bare
soil) and irrigation water treatment (electromagnetically
treated or not).

Results showed that several positive effects occur in
both of uncultivated and cultivated soils irrigated with
ETW such as a decrease of its pH, ECe and Na*, CI;, Ca%,
Mg®, and SO;~ contents. The soil was less affected by salin-
ity after irrigation with ETW. It was found that the ETW
use caused a significant increase in drainage water EC and
ions contents compared to those observed after irrigation
with untreated TW. It is a salts redistribution rather than
desalination. The results also showed that using ETW, the
drainage water volumes were greater than those measured
using non-ETW. A high soil drainage is recommended
to prevent soil waterlogging and salinization induced
by irrigation in arid and semi-arid regions.

This experiment suggests that irrigation with ETW can
be recommended for agricultural practices. It can be used to
reduce the soil salinization problem and to allow irrigation
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with slightly saline water. This work proposes a new method
for a healthy use of TW in the agricultural sector. To deal
with water scarcity problems and the limited supplies of
high-quality irrigation water around the world, especially in
arid areas, the EM water treatment of Aqua-4D technology
can allow to irrigate with a poor-quality water. Therefore,
higher quality water can be preserved for essential human
consumption. Finally, farmers should be made aware of the
magnetic water treatment technique use, which can help
to save irrigation water and reduce salts accumulation in
the soil.
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