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Abstract: The key restriction factor of desertification is water control. Non-pressure infiltrating
irrigation was invented aimed at the efficient use of water, and its core technology is the key
water-conducting material prepared by montmorillonite and polyacrylamide. In this study, both the
water absorption and desorption performances of the key material were tested, and then the binding
condition of the water-conducting materials and the fiber substrate was also studied. Lastly, the
water infiltrating performances and its application in deserts were tested. Non-pressure infiltrating
irrigation could self-regulate the water conducting speed according to the external soil deserticola, but
also significantly reduce water consumption. The results provide a reference for the application of this
new water-saving irrigation technology, which could play an important role in desertification control.

Keywords: desertification; sand fixation; psammophytes; irrigation; soil moisture;
self-dynamic regulation

1. Introduction

Desertification is one of the most threatening problems for humans in the 21st century [1]. The
global desertification area has reached 36 million square kilometers and keeps increasing by 1.1% every
years [2]. At present, the commonly used sand fixation technologies mainly include engineering sand
fixation, chemical sand fixation and biological sand fixation [3]. By laying “grass grids”, engineering
sand fixation could establish sand barriers to block the forward movement of wind-driven sand with
low cost. However, its protection height is limited and it is easy to be buried by quicksand, so it can
only be used as a temporary auxiliary technology in highway and railway construction [4]. By spraying
sand-fixing agents, chemical sand fixation can consolidate the sand layer and it has quite good sand
fixation effect [5]. However, its durability is poor because of the use of polymer materials, which age
easily. Among all the existing measures, the most thoroughgoing method is biological sand fixation,
which is mainly based on the planting of sand-fixing seedlings to fix the loose sand [6]. However, it is
limited in the practical promotion because of its high cost. In deserts, the natural precipitation is not
enough for plant demands, so artificial irrigation is essential, resulting in the high cost of biological sand
fixation [7]. So, it is necessary to develop water saving irrigation techniques, such as drip irrigation
and infiltrating irrigation [8–11].

For drip irrigation and infiltrating irrigation, the average water output speed could respectively
reach 2000 mL/h and 260 mL/h [12,13], and the water demand of psammophyte is about 26 mL/h [14],
which is much lower than the water outputs of irrigation systems. Furthermore, the water output is
passive and relies on pressure, so it is hard to realize water supply according to the plant demands [15].
For drip irrigation and most infiltrating irrigation methods, the trace water outputs are realized by
mechanical micro channels [16]. In order to achieve the highest water use efficiency, the most objective
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irrigation method is an automatic water supply, which means adjusting the water output speed
according to plant demands.

Herein, we invented a new kind of water-saving irrigation technology—non-pressure infiltrating
irrigation. Traditional irrigation methods mainly conduct water by the synergistic effects of impressed
pressure and mechanical micro channels. Non-pressure infiltrating irrigation mainly relies on the
complex interactions of the composite material and water. Thus, the technology could realize the
automatic and scientific regulation of water conduction according to water demands. This paper mainly
focused on the design of the “non-pressure infiltrating irrigation” system and on the self-regulating
water conductivity of the irrigation system. Furthermore, its application in a desert was also studied.

2. Materials and Methods

2.1. Materials

Sodium-based montmorillonoid (MMT) (200 mesh, produced by Zhejiang Fenghong New
Materials Co., Ltd.), polyacrylamide (PAM) (Analytical Reagent, produced by SNF Co., Ltd.), and
cotton fibers (Chemically Pure, produced by Push Biotechnology Co., Ltd.) were used to prepare the
water-conducting fibers.

2.2. The Design of Infiltrating Irrigation System

The key water-conducting material was composed of PAM and MMT. The preparation process
is shown in Figure 1. First of all, 0.2% PAM solution was prepared by stirring and heating at 40 °C
for 20 min, and then left for 12 h. Then 1% MMT suspension was prepared by magnetically stirring
for 20 min and ultrasonically stirring for 10 min. After that, the PAM solution was slowly poured
into MMT suspension by stirring for 15 min until the mixture was uniform. The optimum ratio of
PAM to MMT was 1:4. Secondly, the cotton fibers were soaked in 14% sodium hydroxide solution
for 30 min to remove the oil adsorbed on the surface, then neutralized in 5% glacial acetic acid and
washed with clean water. Then the pretreated cotton fibers were soaked in PAM/MMT mixed colloid
solution for 10 min and then dried in an oven for 8 h. Lastly, the water-conducting fibers were filled
into the self-made infiltrating irrigation emitter, and the infiltrating irrigation system was composed of
the emitters and the pipelines. The structure diagram of infiltrating irrigation emitter was shown in
Figure 2, and the diagrammatic sketch is shown in Figure 3.
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Figure 2. The three-dimensional structure diagram of infiltrating irrigation emitter (Unit: mm).
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Figure 3. The diagrammatic sketch of the infiltrating irrigation system.

2.3. The Water Absorption and Desorption Tests

Water absorption tests: MMT/PAM slurry was dried and formed into a solid block of 2*2*0.5 cm3.
Afterwards the block was dried to constant weight at 60 °C, and then wrapped with gauze and
soaked in water. The block mass (Mt) was measured and recorded regularly until it was absorbed to a
constant weight.

Water desorption tests: The samples were divided into two groups after fully absorbing water.
Then two groups were respectively put into air and dry sand to lose water, and their masses (Mg and
Ms) were measured and recorded regularly.

The sample mass before absorbing water was named M0, and the mass with saturation water
absorption was named M1. Then the calculating formulas of water absorption capacity (Qt), water loss
capacity in air (Qg) and water loss capacity in sand (Qs) were as follows:

Qt =
Mt −M0

M0
, (1)

Qg =
M1 −Mg

M0
, (2)

Qs =
M1 −Ms

M0
, (3)
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2.4. The Water Infiltrating Tests

We studied the binding condition of the materials and the fibers by optical microscope and
scanning electron microscope (SEM). Then, we prepared the emitters to test the water infiltrating
performance. The tests were taken in a self-made sandbox. The emitters were buried into sand to a
depth of 10 cm and no external pressure was applied at the water source. Five parallel samples were
designed and the water outputs were measured every two hours.

In the dry-wet alternating test, the emitters were first buried into dry sand, and when water
output trended to be stable after three days, the emitters were buried into dry sand again. This was
repeated three times to test the self-regulating water conductivity performances under the dry-wet
alternating environment. The water outputs were tested daily.

2.5. The Application Tests in Desert Conditions

Desert field tests: Tests were conducted in Ulanbuh desert, Dengkou County, Inner Mongolia in
2016. The basic climatic conditions of the test area are shown in Table 1. Cistanche deserticola was chosen
as the experimental subject because of its extremely rigorous water demands. It is a kind of parasitic
plant that invades the roots of Sacsaoul, which is the most common sand-fixing plant. According to
our previous experiments, the optimum soil moisture content is 15%~20% for Cistanche deserticola at
the inoculation period and growth period, while slightly more or less water reduces the Cistanche
deserticola survival rates. Based on the previous experimental experience, the inoculation depth was set
to 50 cm. The soil water contents of upper sand layers are not steady and easily influenced, which
are easy to be influenced by solar irradiation. Three experiment groups were set for comparison with
100 plants in every group. Water storage pit irrigation and drip irrigation were respectively used in
Group A and B, while non-pressure infiltrating irrigation was used in Group C. In Group A and B,
we chose to irrigate when the soil water content at a depth of 50 cm dropped below 15% for a week.
To a certain extent, the irrigation time and frequency were associated with the weather conditions.
After precipitation, the soil water contents of the sand layers below 50 cm were also relatively high,
so no irrigation would be chosen after precipitation. When there was no precipitation, we would
monitor soil moisture at 50 cm underground every day to determine the irrigation timing. Therefore,
the frequency of irrigation was related to the weather. The total irrigation number for Group A was 4
during the inoculation period of 6 months. According to our previous experiments, the inoculation
“seed package” of Cistanche deserticola was generally placed 50 cm deep near the roots of Sacsaoul, the
emitter for infiltrating irrigation was also placed 50 cm underground. In order to reduce the effect
of water storage change on the water pressure, the bucket was marked so that when the water level
dropped to 15 cm water was added to take the water level up to 20 cm, and water complement was
conducted when the liquid level dropped to 15 cm. Therefore, the liquid level was kept within a small
interval of 15 to 20 cm high. At last, the survival rates were counted regularly.

Table 1. Climatic conditions of the test site.

Ulanbuh Desert Statistic

Maximum annual precipitation 150.3 mm
Minimum annual precipitation 33.3 mm
Average annual precipitation 102.9 mm
Average annual evaporation 2258.8 mm

Maximum temperature 39 ◦C
Minimum temperature −29.6 ◦C
Average temperature 7.8 ◦C
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3. Results and Discussion

3.1. Water Absorption and Desorption Performances of the Water-Conducting Material

As seen in Figure 4, the material absorbed water rapidly from the beginning to the 40th minute
when the water absorption speed began to decrease, and then gradually becoming saturated after
130 min. After that, the water absorption rate had no obvious change with time, the saturated water
absorption capacity reached 36 g/g. Figure 5 shows the water desorption performances in air and in
dry sand. The material maintained a high speed of water lose from the beginning to the 70th minute,
and then the speed of water loss gradually decreased until the water loss process basically finished at
170th minute. As the suction in dry sand is greater than in air, the maximum water loss reached 25 g/g
in air and 27 g/g in sand. The most important quality for the key materials is the water-conducting
performance, so its water absorption and water desorption performances should be balanced. For the
water-conducting material, both water absorption performance and water desorption performance
were acceptable.
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3.2. The Coating Performances of the Water-Conducting Materials on the Cotton Fibers

As a key part of the irrigation emitters, the coating performance of the materials on the cotton
fibers is very important. In order to conduct water efficiently, the materials should be evenly coated
on the fiber surface. As shown in Figure 6a, the cotton fibers were distributed randomly, and their
surfaces were smooth. Figure 6b shows the fibers after the coating process. Through the connection
of the water-conducting materials, the fibers had formed a bundle of fiber aggregate after coating.
Figure 6c,d show the SEM images of coated fibers. In this figure, the state of the coating and the fiber
body could be seen more clearly. Almost all the fibers have been coated. Almost all the fiber substrates
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were uniformly coated with the water-conducting materials, and the materials arranged compactly to
form the water conducting channel.
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3.3. Water Infiltration Performance of the Irrigation System

As Figure 7 shows, the average water output of the emitters showed a sharp change within 24 h.
A maximum of 80 mL/h was achieved in the first two hours. Then the water output speed decreased
rapidly until the 10th hour with a water output of 27 mL/2 h. After that, the decline slowed down
and the water output rate remained about 20 mL/2 h, until it declined to a minimum of 15 mL/2 h at
the 24th hour. Figure 8 shows the changes of water outputs over a week. In the first day, the water
output was 386 mL, then it declined and remained around 160 mL/d from the second day. According to
Figures 7 and 8, the emitters could self-reduce the water output speed when the external soil moisture
content increased.
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Figure 9 shows the three dry-wet cycles of the emitters. As shown, the water output declined from
384 mL/d to 155 mL/d and tended to be stable in the first cycle, which indicated that the emitters could
self-reduce the water output speed when soil moisture content increased. When the soil moisture
content decreased in the second cycle, the water output recovered immediately to 388 mL/d, which
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meant that the emitters could self-hasten the water output speed when soil moisture content decreased.
Overall, the three cycles showed that the wet-dry alternating performances of the emitters were good,
which indicated that the non-pressure infiltrating irrigation system could indeed self-regulate the
water-conducting rate according to the external soil moisture.
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3.4. The Application Performances in Deserts

On the basis of the above experiments, the non-pressure infiltrating irrigation system was applied
to the planting of Cistanche deserticola in deserts. Figure 10 shows some photos in desert tests. As seen
in Figure 10a, the water source was supplied by two 40 L buckets, which could serve for 0.2 km2. There
was no need to apply external pressure at the water resource, buckets were placed slightly above the
pipeline, so that the water could flow freely in the pipe. Figure 10b,c show the layout of the pipeline,
the main pipeline was arranged neatly and each plant was supplied with a branch tube to conduct
water. As seen in Figure 10d, the capillary tube extended underground and the emitter was placed near
the roots of the plant to reduce water waste. Figure 10e,f shows the successfully inoculated Cistanche
deserticola. The white lumps were Cistanche deserticolas, and they were parasitic on the roots of Sacsaoul.
As seen in Figure 10g, the mature Cistanche deserticolas were collected for statistical measurement.
Figure 10h shows the flowers of Cistanche deserticola, and the pillars below the Sacsaoul plants were the
flowering Cistanche deserticolas. The successful inoculated Cistanche deserticola would continue to grow
out of the ground until it stopped growing after flowering.
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Figure 11. The survival rates and water consumptions of different groups. 

Figure 10. The photos in deserts: (a–d) the design of non-pressure infiltrating irrigation system; (e) the
Cistanche deserticola parasitic on the roots of Sacsaoul; (f) the successfully inoculated Cistanche deserticola;
(g) the Cistanche deserticola harvest; (h) the Cistanche deserticola flowering.

Figure 11 shows the water consumptions and the survival rates of Cistanche deserticola with
different irrigation methods. Group A and Group B were respectively the water storage pit irrigation
and drip irrigation, and Group C was non-pressure infiltrating irrigation. So, Group A and B were
with intermittent water supply, while Group C was with continuous water supply. As shown, water
consumption and survival rate of Group A were 1600 L and 18%. For group B, survival rate increased
to 25%, and water consumption had a 50% increase to 2400 L. Group C had the highest survival
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rate of 83%, much higher than group A and group B, while its water consumption was the lowest
at 105 L. Therefore, non-pressure infiltrating irrigation could greatly improve the survival rate, and
at the same time it could also significantly reduce water consumption. Figure 12 shows the average
grass heights of Cistanche deserticola with different irrigation methods. The grass heights of all the three
groups were about 70 cm, which meant different irrigation methods had little effect on grass heights of
Cistanche deserticola.
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Figure 12. The average grass heights of different groups.

Compared with the traditional infiltrating irrigation techniques, the cost of non-pressure infiltrating
irrigation increases very slightly, which is caused by the emitter. The water-conducting material in the
emitter is prepared by PAM and MMT at the ratio of 1:4. The cost of PAM is $2000 per tonne, and
MMT is $200 per tonne. So, after cost accounting, the cost increase of each emitter is no more than 20%
compared with the traditional emitters. Moreover, the cost of emitter accounts for only 3% of the cost
of the whole irrigation system. So, the cost increase of the whole irrigation system is almost negligible.
The cost of non-pressure infiltrating irrigation is about $2223 per hectare, which is close to the existing
infiltrating irrigation technologies. The cost is too high for the application in desertification control,
so infiltrating irrigation is always used for the cultivation of high value-added plants such as fruits
and vegetables. Non-pressure infiltrating irrigation should be mainly used for the cultivation of the
precious Chinese herbal medicines, which only grow in deserts, such as Cistanche deserticola. Cistanche
deserticola is parasitic plant, which needs to parasitize the roots of Sacsaoul, the latter which is a typical
sand-fixing species. Therefore, in order to obtain Cistanche deserticola, it is necessary to plant Sacsaoul
first, which promotes the planting of sand-fixing seedlings. By this way, we achieve the purpose of
desertification control.

4. Conclusions

We are certain that the materials could self-regulate the water conducting speed according to
the external soil moisture, so the non-pressure infiltrating irrigation system could keep soil moisture
within a constant range. The experiment in the desert showed that the survival rates of Cistanche
deserticola could be increased to more than 80% by using a non-pressure infiltrating irrigation system,
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which was much higher than 18% by pit irrigation and 25% by drip irrigation. Moreover, the water
consumption was nearly 1/16 of pit irrigation and 1/24 of drip irrigation, respectively. This technology
can significantly reduce water consumption while ensuring the survival rate. Therefore, non-pressure
infiltrating irrigation is highly suitable for sand fixing plants in desertification areas with water shortage,
and it could play an important role in desertification control.
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