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Abstract: Irrigation with wastewater can strongly contribute to the reduction of water abstraction in
agriculture with an especial interest in arid and semiarid areas. However, its use can have drawbacks
to both soil and micro-irrigation systems, especially when the total solids in the wastewater are high,
such as in digestate liquid fractions (DLF) from plant material. The aim of this study was thus to
evaluate the performances of a serpentine shaped micro-emitter injected with a hydrocyclone filtered
DLF (HF-DLF) from corn + barley biomass and evaluate the traits of the liquid released within a
8-h irrigation cycle. HF-DLF was injected at 10%, 25%, and 50% dilution compared to tap water
(at pH = 7.84) and the system performances were measured. No clogging was found, which likely
depended on both the shape of the emitter and the high-pressure head (200 kPa). HF-DLF dilution at
10%, 25%, and 50% consisted in +1.9%, +3.5, and −4.9% amount of liquid released compared to the
control. Fluid temperature during irrigation (from 9:00 to 17:00) did not explain the difference in the
released amounts of liquid. In 10% HF-DLF % and 25% HF-DLF, a pH difference of + 0.321 ± 0.014 pH
units compared to the control was found, and such difference was constant for both dilutions and
at increasing the time. In contrast, 50% HF-DLF increased pH by around a half point and such
difference increased with time. Similar differences among treatments were found for the total solids
in the liquid. These results indicate that 50% HF-DLF was accumulating materials in the serpentine.
These results suggest that a low diluted HF-DLF could directly be injected in irrigation systems with
few drawbacks for the irrigation system and contribute to water conservation since such wastewater
are available from the late spring to the early fall, when water requirements are high.

Keywords: clogging; drip irrigation; emitter; hydrocyclone; digestate liquid fraction; wastewater

1. Introduction

Water availability for crops in various areas of the world is reducing because of climate change
and the use of fresh water for other human uses. Climate change is increasing the demand for water
in agriculture through both a general increase of temperatures, and thus of the evapotranspiration
demand, and the increase of their variability [1,2].

Irrigation with low-quality water, and especially wastewater, was thus proposed a long time ago as
a suitable measure to mitigate the shortage of high quality water [3,4]. The use of wastewater or filtrate
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of the liquid fractions of various wastes can increase the availability of water for agriculture. However,
its use may result in a wealth of problems following the effects wastewater has on soil and irrigation
systems. These include salinization or pH variation [5], a reduction of other soil fertility properties [6],
and an increase of soil hydrophobicity [7], the clogging of the emitters [3], as well as the deposition
of solid materials in the tanks or other parts of the irrigation system [8]. Besides, wastewaters may
contain pollutants and pathogens which harm plants and animals, albeit the treatments they undergo
are meant to prevent health risk following their use or disposal [9,10].

Drip systems allow the achievement of high irrigation efficiency in areas with high water demand
and low water availability. In these systems, water pressure is usually below 200 kPa, and emitters
have internal serpentine to compensate pressure loss along the line and potential fluctuations in the
water pressure.

The success of the use of wastewater in the irrigation depends on a wealth of factors. These include
the amount of solids in the wastewater or its filtrate, the ability of the suspended material to
form biofilms, the pressure of the water in the system, the type of filters and emitters, and age of
the systems [8,11–14]. In case of low pressure (60 kPa) and low rate emitters (0.9 and 1.4 L h−1

emitter−1), high quality drip tapes showed a reduction of uniformity of distribution by 5.2% on average
depending on the activated sludge used as secondary effluent [15]. Similar results were found by
Puig-Bargués et al. [14], who also reported that pressure compensating emitters performed better than
non-pressure compensating emitters. Chlorination or flushing of the pipes at the end of each irrigation
cycle proved to reduce the impact on clogging [14,16]. However, such treatments imply an additional
cost, and application of chlorine to the soil may have harmful effects both on the soil and on plants.
In the latter work [16], application of compressed air cleaning at a pressure of 1.96 kPa did not mitigate
the incidence of drippers clogging.

Digestate from crop biomass and manure is increasingly being used, and its liquid fraction was
indicated as a potential source for a wastewater irrigation [17]. When used for irrigation purposes,
information on the solid particles fractions, mostly salts, of these liquids in the irrigation systems are
scarce. Such salts are likely to precipitate and, together with other suspended solids, can easily clog the
emitters of a drip irrigation system by a fouling accumulation [18]. In turn, digestate filtrates used for
irrigation can increase plant yield [6], even when compared to an irrigated + fertilized treatment [19].
However, little information is available about the efficiency of many emitters when subjected to
wastewater, especially when using the liquid fraction of the biomass-based digestate, as the solid
fraction can contain high amounts of organic material [20].

The aim of the present study was thus to test the efficiency of a commercial emitter when injected
with the liquid fraction of the effluent from an agricultural biogas unit previously treated with a
hydrocyclone filtration system.

2. Materials and Methods

2.1. Experimental Setup

The study was conducted in February 2020 at the CREA-IT institute (45◦31′21.9” N 9◦33′54.9” E,
Treviglio, Bergamo, Italy). The liquid digestate used was gathered from an anaerobic digestion plant,
stored in a tank and filtered using a hydrocyclone filter (Alfaturbo Hydrocyclone Sand separator 2”).
The hydrocyclone filter was placed between a storage tank and the operating tank. Both tanks had a
1 m3 maximum volume. After the filtration, the filtered liquid was shaken once per day before the
beginning of the tests (see below) by gently shaking the tank using a forklift truck. The storage of the
liquid digestate before using it at the irrigation setup lasted for 8 days.

The characteristic of the liquid digestate before the filtration are depicted in Table 1. The digestate
liquid fraction was kindly provided by the Società Agricola Pallavicina S.R.L. (Via Fara—24047 Treviglio,
IT), which also undergoes quality analyses, and did not display the presence of any pathogen nor
pollutants according to the Italian laws.



Agronomy 2020, 10, 1150 3 of 13

Table 1. Composition of the digestate liquid fraction used for the test. Values are means ± s.d.
(3 subsamples) provided by the management office of the digester. The analyses were made on the
digestate liquid fraction hydrocyclone filtering.

Trait Value Unit Method

Dry matter content at 105 ◦C 4.91 ± 0.03 % IRSA CNR Q 64 Vol 2 1985
Ashes (dry matter content at 600 ◦C) 1.42 ± 0.02 %

Chemical Oxigen demand (COD) 51.0 ± 1.8 g O2 kg−1 APAT IRSA CNR 5130 Man 29 2003

Total N 3.55 ± 0.02 g N kg−1
IRSA CNR Q 64 Vol 3 1985

NH4
+-N 1.848 ± 0.025 g N kg−1

Phosphorus 0.843 ± 0.051 g P kg−1
UNI EN 16174:2012 and 16170:2015

Potassium 4.96 ± 0.25 g K kg−1

A water pump of 0.75 kW power (Pedrollo company, model: JSWm 2CX, San Bonifacio, Verona,
Italy) was used to pump the digestate liquid fraction in the irrigation system. The operating pressure
was set to 0.2 MPa. Samples were taken from the non-filtered digestate liquid fraction (DLF), from the
filter outlet and from the filtered DLF to determine dry matter content and pH.

The experimental design consisted of two factors: filtrate dilution (FD) × time of the sampling
within the irrigation cycle (TIME). The FD factor had four treatments: One control using freshwater
and three filtrate dilutions (10%, 25%, and 50% of filtrate in freshwater). Each irrigation cycle lasted 8 h
and samples were taken once per hour.

One irrigation cycle per day was performed, the irrigation cycles began with the tap water
and continued with each increasing concentration of the digestate to avoid contamination. Each
water-HF-DLF mixture was prepared mixing the relevant amount of tap water and HF-DLF in an
operating tank and reflushing it several times with the pump. The water pump used was set at
0.2 MPa operating pressure, and the irrigation tank was filled with 400 L of DLF. Before starting each
test, three samples were collected from the irrigation tank to measure the dry matter and the pH of
the solution, following the methodology described above. In addition, flushing with tap water was
performed by 15 min at the end of each cycle to allow for the cleaning the system. A pre-flushing
was also made before the beginning of the first experiment with tap water. Within each irrigation
cycle, the pump recycled part of the water or diluted HF-DLF into the tank to keep it mixed and avoid
particle deposition. The irrigation system was organized by three polyethylene 1-m long dripper tubes
(Stocker company N◦26085, Bozen, Italy), as replicates, with three emitters each. The dripper tubes
used had 0.016 m of diameter (maximum design pressure 0.4 MPa) and were spaced 0.33 m each other.
Water flow declared by the manufacturer was 2 L h−1. Emitters were not changed from each cycle to
the following one.

2.2. Measurements and Analyses

During the tests, the water or filtrate dropping from the tubes was collected in plastic flagons
placed underneath each emitter (Figure 1). The flagons were weighted once per hour with a
portable scale (RADWAG WLC6/C1/R, Radom, Poland, used with 0.1 g sensitivity) to calculate the
water flow (g h−1). At the time of weighting the turbidity and the temperature of the liquid were
measured. The temperature of the water or DLF were measured in ◦C using the DS18B20 digital
thermometer (Maxim IC, San Jose, CA, USA). The turbidity of water or DLF were measured by
using the turbidity sensor SKU:SEN0189 (Arduino, Ivrea, Italia), which was used as an indirect
measurement of filtrate and water quality. The turbidity sensor SKU:SEN0189 uses light to detect
suspended particles in water by measuring the light transmittance and scattering rate, which depends
on the concentration of the total suspended solids (TSS) in the solution/dispersion. In particular,
the sensor provide an output expressed in mV, which should be calibrated to the corresponding
Nephelometric Turbidity Units (NTU). The output slightly and linearly decreases at increasing
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temperatures. In addition, the relationship between output and NTU value is not linear (for a brief
description see https://wiki.dfrobot.com/Turbidity_sensor_SKU__SEN0189). In particular, the higher
the sensor output, the lower the liquid NTU value. The manufacturer provide an output for pure water
of 4.1 ± 0.3V when temperature span from 10 ◦C to 50 ◦C. Integration of the temperature and turbidity
systems was made according to [21]. In the present work, the output of sensor was provided along
with a direct measurement of the total suspended solids.
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Figure 1. Design of the irrigation tests.

Dry matter and moisture content of the samples were assessed by oven drying at 105 ◦C until
constant weight [22]. The pH of the samples was measured with no dilution by using a CRISON GLP21
pH-meter (Hach Lange Spain, S.L.U., Barcelona, Spain).

Then, the samples of each emitter per line were mixed and a random composite subsample
of 500 mL of liquid was taken. In total, 24 sample per irrigation test were obtained (8 sampling
moments × 3 irrigation lines). Each irrigation test consisted of the injection of a DLF dilution in an 8-h
irrigation cycle. Thus 72 total samples of DLF released by each line were obtained. Dry matter of each
subsample and its pH, following the methodology described above, were measured. For the control
test (100% water), turbidity and pH were measured only before starting the test and no samples were
collected during the test. This was done since these variables did not change by the time in the control
from previous tests (data not shown). To monitor the air temperature and humidity of the indoor
environment where the test was performed a sensor DHT22 (Guangzhou Aosong Electronics Co., Ltd.,
Guangzhou, China) was used. The Waterproof DS18B20 Digital Temperature Sensor was used to read
the liquid temperature.

2.3. Computations and Statistical Analysis

The amounts of OH− ions per ton of solution released by the emitters were computed by using
the pH and used as a proxy of the potential of the irrigation with the DLF to increase the pH of a soil
compared to the tap water used as a control. The analysis of variance was performed according to
the statistical design by means of a general linear mixed model (Glimmix procedure in SAS/STAT 9.2
statistical package; SAS Institute Inc., Cary, NC, USA). The model used was similar to that shown
in Saia et al. [23] (see the supplementary material in [23] for both a description of the procedure
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and the SAS package model applied) in which TIME was modelled as a repeated measurement [24].
Unbiased estimates of variance and covariance parameters were estimated by restricted maximum
likelihood (REML). Repeated measurement analysis was modelled by applying a random statement
with a first-order autoregressive covariance structure. In particular, the subject of reference was the
emitter for the data related to the amount of liquid released, its turbidity and temperature, and it
was the line for date on the pH. Denominator degrees of freedom of each error were estimated by
Kenward–Roger approximation and least square means (LSmeans, see below for a definition) of
the treatment distributions were computed. Data were provided both as LSmeans in figures and
arithmetic means in supplemental materials, along with each standard error estimation or computation,
respectively. Differences among means were compared by applying t-grouping at the 5% probability
level to the LSMEANS p-differences. Time-sliced significance was also computed.

When the effect of time was significant, variation per unit time was modelled. Variation by time
per each variable and treatment significantly varying by time was fitted to a linear distribution function
and significance of the regression models were computed using the Slide Write Plus for Windows
version 7.01 (Advanced Graphics Software, Inc., Encinitas, CA, USA).

3. Results

3.1. Effects of the Hydrocyclone Filtration and Resting Time on the Traits of the Digestate Liquid Fraction

Filtration of the digestate liquid fraction (DLF) influenced the pH of the different resulting fractions
(Figure 2) pointing out that the native fraction before filtering had a pH value higher than 8.2 and not
statistically appreciable differences were found after the filtration (hereafter referred as hydrocyclone
filtered DLF, or HF-DLF). When the HF-DLF was allowed to rest for eight days before the beginning of
the experiment, the solution at 50% dilution showed a lower pH compared to both the freshly made
native DLF and the freshly made HF-DLF soon after the filtration. However, such latter difference
was not statistically appreciable according to the conservative post-hoc test used. The pH value of the
native DLF was higher than the fraction discarded from the filter and the tap water.

Agronomy 2020, 10, x 5 of 14 

 

order autoregressive covariance structure. In particular, the subject of reference was the emitter for 
the data related to the amount of liquid released, its turbidity and temperature, and it was the line 
for date on the pH. Denominator degrees of freedom of each error were estimated by Kenward–Roger 
approximation and least square means (LSmeans, see below for a definition) of the treatment 
distributions were computed. Data were provided both as LSmeans in figures and arithmetic means 
in supplemental materials, along with each standard error estimation or computation, respectively. 
Differences among means were compared by applying t-grouping at the 5% probability level to the 
LSMEANS p-differences. Time-sliced significance was also computed. 

When the effect of time was significant, variation per unit time was modelled. Variation by time 
per each variable and treatment significantly varying by time was fitted to a linear distribution 
function and significance of the regression models were computed using the Slide Write Plus for 
Windows version 7.01 (Advanced Graphics Software, Inc., Encinitas, CA, USA). 

3. Results 

3.1. Effects of the Hydrocyclone Filtration and Resting Time on the Traits of the Digestate Liquid Fraction 

Filtration of the digestate liquid fraction (DLF) influenced the pH of the different resulting 
fractions (Figure 2) pointing out that the native fraction before filtering had a pH value higher than 
8.2 and not statistically appreciable differences were found after the filtration (hereafter referred as 
hydrocyclone filtered DLF, or HF-DLF). When the HF-DLF was allowed to rest for eight days before 
the beginning of the experiment, the solution at 50% dilution showed a lower pH compared to both 
the freshly made native DLF and the freshly made HF-DLF soon after the filtration. However, such 
latter difference was not statistically appreciable according to the conservative post-hoc test used. 
The pH value of the native DLF was higher than the fraction discarded from the filter and the tap 
water. 

 
Figure 2. Values of pH of the digestate liquid fraction (DLF), before and after hydrocyclone filtering 
(HF), the 50% dilution of the HF-DLF, and the tap water used for the experiment. Bares are least 
square means (LSmeans) ± Lsmeans standard error estimates. Bars with a letter in common cannot be 
considered different according to a conservative Tukey-grouping applied to the p-differences of the 
LSmeans. Results of the statistical analysis are embedded. 

The output of the turbidity sensor did not change by the filtration among the DLFs (Figure 3), 
which recorded value closed to 14.2 mV (please mind that, in theory, the lower the conductibility, the 

Figure 2. Values of pH of the digestate liquid fraction (DLF), before and after hydrocyclone filtering
(HF), the 50% dilution of the HF-DLF, and the tap water used for the experiment. Bares are least
square means (LSmeans) ± Lsmeans standard error estimates. Bars with a letter in common cannot be
considered different according to a conservative Tukey-grouping applied to the p-differences of the
LSmeans. Results of the statistical analysis are embedded.
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The output of the turbidity sensor did not change by the filtration among the DLFs (Figure 3),
which recorded value closed to 14.2 mV (please mind that, in theory, the lower the conductibility,
the higher the turbidity). The tap water showed a turbidity sensor output close to 800 mV, 56-fold than
any of DLFs or HF-DLF, on average.
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The dry matter concentration varied among the DLFs (Figure 4), with the fraction discarded from
the filter showing a relative concentration compared to the native DLF 45% higher. The native DLF
also showed a marginally, albeit significantly, lower dry matter concentration than the HF-DLF (−1.1%
relative difference, corresponding to −0.02%).
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Figure 4. Dry matter concentration of the digestate liquid fraction (DLF), before and after hydrocyclone
filtering (HF), the 50% dilution of the HF-DLF, and the tap water used for the experiment. Bars are
LSmeans ± Lsmeans standard error estimates. Bars with a letter in common cannot be considered
different according to a conservative Tukey-grouping applied to the p-differences of the LSmeans.
Results of the statistical analysis are embedded.
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3.2. Effects of the Digestate Liquid Fraction Dilution on the Emitter Performances and Solution Traits

Results of the statistical analyses of the irrigation test are shown in Table 2. Both the amount
of water in the control and HF-DLF and its turbidity varied by the treatment at increasing time,
with differences more marked among treatments in the early stages of the irrigation. The dilution of
the DLF influenced the quantity of the solution released by the emitters during the test depending
on the percentage of the dilution (Figure 5, Supplementary Material Table S1). In particular, water
release increased almost constantly, whereas 10% and 25% dilution during the first 3 h. The 50%
showed milder increases, and a total amount of water released slightly lower than the other treatments.
The coefficient of variation of the system was in general lower than 5%, with some outlier only in the
HF-DLF 25% dilution (Table 3).
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Figure 5. Amount of solution (tap water in the control and digestate liquid fractions (HF-DLF) diluted
at the 10%, 25%, and 50%) released by the emitter each hour (upper left panel); dry matter concentration
of the DLF released (upper right panel); turbidity of the HF-DLF released (lower left panel); and amount
of OH− ions released per ton of water released each hour. Data are LSmeans ± LSmeans standard error
estimates. For post-hoc comparisons and raw data see Supplementary Material Table S3.
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Table 2. Results of the statistical analysis (degrees of freedom estimate of the error (DF den); F statistics; and p values) of the general linear mixed model applied to the
amount of solution released each hour, its turbidity, dry matter concentration, pH difference compared to the control, and the amount of OH− released with the
solution per hour (expressed as mol ton−1). Factors were the solution dilution (FD) and variation in time (1-h step of a 8-h irrigation cycle). Data were analyzed with a
repeated treatment option and after which differences by each time-step were sliced. When the p-values were lower than 0.05, F and p were shown in bold. See the
Supplementary Material for the post-hoc test.

Amount of Solution
Released Each Hour Turbidity Dry Matter Concentration [OH−] Concentration pH Difference Compared to Control

Effect Den DF F p Den DF F p Den DF F p Den DF F p Den DF F p

FD 101.8 3.2 0.0284 52.03 3.6× 104 <0.0001 7.395 540.3 <0.0001 11.12 912.2 <0.0001 15.5 188.2 <0.0001

Time 83.06 47.3 <0.0001 139.6 9.1 <0.0001 30.7 1.2 0.3452 25.62 24.0 <0.0001 20.06 12.7 <0.0001

FD × Time 149.6 52.9 <0.0001 149.8 7.4 <0.0001 28.01 2.2 0.0389 29.78 12.9 <0.0001 21.15 7.4 <0.0001

Sliced By Time [h]

1 97.0 3.9 0.011 64.9 9.7× 103 <0.0001 23.6 121.5 <0.0001 18.5 34.4 <0.0001 13.0 41.4 <0.0001

2 109.4 4.7 0.004 91.6 9.7× 103 <0.0001 11.4 97.8 <0.0001 24.5 72.8 <0.0001 20.0 64.2 <0.0001

3 111.0 3.2 0.025 95.0 1.0× 104 <0.0001 24.1 165.7 <0.0001 25.5 74.4 <0.0001 20.5 65.4 <0.0001

4 111.4 3.1 0.031 95.4 9.8× 103 <0.0001 12.7 128.3 <0.0001 25.5 111.4 <0.0001 20.5 85.9 <0.0001

5 111.5 4.1 0.008 95.4 9.1× 103 <0.0001 22.3 129.1 <0.0001 25.5 149.7 <0.0001 20.5 101.7 <0.0001

6 111.6 3.0 0.034 95.4 9.8× 103 <0.0001 13.2 142.3 <0.0001 25.5 205.9 <0.0001 20.5 140.0 <0.0001

7 111.7 4.4 0.006 95.4 9.5× 103 <0.0001 20.3 159.0 <0.0001 25.5 183.6 <0.0001 20.5 110.3 <0.0001

8 111.8 2.5 0.065 95.4 9.5× 103 <0.0001 15.5 112.9 <0.0001 25.5 226.2 <0.0001 20.5 119.0 <0.0001
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Table 3. Coefficient of variation of each treatment (n = 9, consisting of 3 lines with 3 emitters each) and
relative distribution percentiles at 0.025, 0.25, 0.5 (median), 0.75, and 0.975. Data of the three dilutions
of the hydrocyclone filtered digestate liquid fraction (HF-DLF) were showed singly and bulked.

Control
(Tap Water)

10% Dil.
HF-DLF

25% Dil.
HF-DLF

50% Dil.
HF-DLF

10% + 25% + 50% Dil.
HF-DLF Bulked Data

Mean of coefficient of variation 1.65 3.41 3.69 3.66 3.59

Percentile 0.025 1.24 3.26 2.65 3.55 2.71

Percentile 0.250 1.45 3.35 2.79 3.59 2.89

Percentile 0.500 (median) 1.66 3.41 2.82 3.65 3.43

Percentile 0.750 1.86 3.46 2.86 3.68 3.61

Percentile 0.975 2.07 3.49 8.86 3.86 6.44

The dry matter content of the solutions (Figure 5) showed that the concentration strongly depended
on the dilution rate, and to a lesser extent on time. In fact, higher values >0.6%) were recorded in the
DLF 50%, compared to those in DLF 10% < 0.2%) and DLF 25% showed values ranging from 0.4% to
0.3%. The value of dry matter concentration (%) was quite stable all along the 8 h of irrigation test for
all the treatments, except for DLF50% that showed a slight increase with time (Supplementary Material
Table S1; Supplementary Material Table S2).

A similar trend, but more pronounced by the time, was found regarding turbidity (Figure 5; please
mind that the higher is the turbidity value, the lower the liquid turbidity). For all the treatments the
values recorded were stable over time and around 60 mV, 160 mV, and 380 mV for DLF 50%, 25% and
10% respectively. The analysis of the concentration of ions OH− (Figure 5), calculated using the pH
values, showed that even if the trend of treatments DLF 10% and 25% was slightly variable during the
irrigation test, the values were included between 5 and 10 OH− mol t−1 solution, with scarce differences
by the time. Instead, treatment DLF 50% showed an increasing trend during the test with an initial
value of 13 OH− mol t−1and a final value of 25 OH− mol t−1. Finally, we inspected a serpentine from
the control and the DLF 50% (Figure 6) and found that no clogging occurred.
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4. Discussion

In the present work, we studied the role of an increasing ratio between a hydrocyclone-filtered
digestate liquid fraction (referred to as HF-DLF) and tap water on the performance of an irrigation
system and water quality. Treatments included 3 HF-DLF ratios (10%, 25%, and 50% of total solution
used for the irrigation) in contrast to tap water as control and measurements were taken at an hourly
basis on an 8-h irrigation cycle, that simulates most of the irrigation cycles occurring in a broad range
of crops.

The native digestate liquid fraction used before the hydrocyclone filtering had a higher pH than the
tap water used (pH = 8.23 vs. 7.84, respectively) and such pH slightly reduced after the hydrocyclone
filtering. Information on the effect that the hydrocyclone filtering has on the pH of digestate liquid
fraction and its total solids are scarce, nonetheless, centrifuge filtering was shown to have relatively
high efficiency [25]. Thus, the pH reduction after the hydrocyclone treatment may have been due to
the fractionation of the calcium carbonates or other high-weight solids in the digestate liquid fraction,
including cations. The digester diet of the material in the present study was mainly composed of
corn and barley biomasses (residual and dedicated) and to a lesser extent of cow slurry. This kind of
digestate has high contents in potassium, chloride, carbonates, and proteins [20]. It is thus likely that
the high pH of the HF-DLF under study was due to a high content of basic, high molecular weight
proteins, which can be removed by hydrocyclone filtering. Such a hypothesis is corroborated by the
further reduction of pH of the DLF found eight days after filtering, before the irrigation experiment
started, which may have been due to oxidation of the organic material in the HF-DLF that in such
time-lapse was resting. Hydrocyclone filtering, however, did not result in a reduction of the turbidity
and such results could be due to the high total solid concentration in the DLF following incomplete
filtering, as pointed by Guilayn et al. [25]. Indeed, in our study, the HF-DLF showed a dry matter
concentration of 16.0%� (on a weight basis) and a pH = 8.15 soon after the filtration. These traits
suggested a low quality fraction for drip irrigators according to the early classification by Nakayama
and Bucks [3]. This likely was a main cause of the differences among the amount of HF-DLF released
by the emitters at increasing time and varying the HF-DLF ratios within the irrigation system.

The manufacturer declared the used emitters as and releasing 2 L h−1 at 100 kPa. When subjected
to the 200 kPa pressure of the present study, we found that the amount of water released in the control
ranged from 3.07 L in the first hour and such an amount increased on average by the 1.9% h −1. Such
variation were higher than those found by Bodole et al. [26]. The variation of the amount of HF-DLF
each emitter released per hour also increased with time in the three dilution treatments (0.5–0.9% h−1),
but to a lesser extent compared to the control. Such variations likely depended on the usury of the
system. In particular, the dilution at 10% and 25% released 1.9% and 3.5%, respectively, more HF-DLF
per cycle than the water released by the control, whereas the dilution at 50% released 4.9% less HF-DLF
per cycle than the control. Besides, the differences between each HF-DLF dilution and control in the
amount of water released per unit time declined with time. The temperature of the tap water or the
HF-DLFs was similar among the treatments and increased linearly during each irrigation cycle, starting
at 9.42 ◦C ± 0.27 ◦C at the 9:00 a.m. (moment of the beginning of each experiment) and increased at a
rate of 0.94 ◦C h−1

± 0.05 ◦C h−1 (data not shown). This implies that differences by time can only partly
be explained by a heating of the emitters and thus the expansion of their pore size. We hypothesize that
the emitters used in this experiment rapidly lost their ability to compensate for the irrigation rate at the
pressure we used. In addition, the 10% and 25% diluted HF-DLF did not likely consist in a strong
occlusion of the emitters. This is consistent with the constant rate of the dry matter content of 10% and
25% HF-DLF and increasing rate of the dry matter content of the 50% HF-DLF, which progressively
increased at a rate of 27.98 × 10−3

± 0.95 × 10−3 pH units h−1. When using the 50% dilution, 6.63%
less HF-DLF was released, on average, if compared to the water released in the control or the HF-DLF
in the 10% and 25% dilutions. Despite such difference, the potential effect on the pH (expressed as
[OH−] amount of a putative medium receiving the HF-DLF at the 50% dilution) strongly increased
over time, whereas it did not vary in the in the control or the HF-DLF in the 10% and 25% dilutions
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1.68 ± 0.04 Mol OH− (t HF-DLF)−1 h−1. Results from other experiments were variable and depended
on the pressure, kind of emitter and kind of wastewater. In contrast to our study, Gamri et al. [27]
found a strong reduction of the emitter performance with time and difference between the present and
the one by Gamri et al. [27] experiment can be due to the higher pressure we used, which is two-fold
compared to their study, and this occurred despite our HF-DLF had a solid concentration 2.3–9.8 fold
higher than the synthetic wastewater composition used by Gamri et al. [27]. Nonetheless, these
differences can be due to the high-frequency flushing in our experiment (one every 8 h). And indeed,
Puig-Bargués et al. [14] showed that flushing every 540 h was sufficient to almost completely avoid the
emitter clogging. Puig-Bargués et al. [14] also found, as in the present study, that dripline flow increased
8% and 25% over time when using a pressure compensating and a non-pressure compensating emitter,
respectively, when used with a tertiary effluent from a wastewater treatment plant filtered with a
0.130 mm filtration level. Similarly, we found that coefficient of variation computed at an hourly
basis was 1.653% (CI95% 1.240–2.065%) in the control and 3.587% (CI95% 2.713–6.444%) in the HF-DLF,
with scarce differences among dilution, suggesting that accumulation of deposited material in the
emitters affected the dripline flow performance. Such coefficient of variation was lower than those
found in other similar studies [28,29] and can be marginally acceptable as indicated by Bodole et al. [26],
according to which a test duration of more than 60 min is enough to minimize the uncertainty due to
the initial fluctuation of the data. The lower variation of the HF-DLF is likely due to an anti-clogging
shape of the present emitters if compared to other emitters [30].

5. Conclusions

In conclusions, hydrocyclone filtration scarcely affected the traits of the digestate liquid fraction
used for the irrigation. Irrigation with hydrocyclone-filtered digestate liquid fraction (HF-DLF) injected
in the system at 10% and 25% dilution did not affect the performance of the system nor the traits of
the liquid fraction released by the emitters, whereas using 50% dilution of the HF-DLF consisted in a
lower amount of liquid released at increasing pH. In particular, HF-DLF dilution at 10%, 25%, and 50%
consisted in +1.9%, +3.5, and −4.9% amount of liquid released compared to the control. In 10% HF-DLF
% and 25% HF-DLF, a constant pH difference of + 0.321 ± 0.014 pH units compared to the control
was found, in the 50% HF-DLF pH increased by around a half point and such difference increased
with time.

This implies that that highly concentrated digestate liquid fractions, i.e., low dilutions, can pose
problems for the functioning of the system and may have potentially harmful effects on soils with high
pH. Nonetheless, the use of digestate liquid fractions for irrigation purposes may be a valuable option
in those areas with a high amount of biogas plants and digestate production, such as various nations in
Europe, America and Asia including USA, China, Germany, United Kingdom, Italy, and France [31,32].
Results from the present study have beneficial implication on the on water conservation since digestate
production by feeding the digester with barley and corn provide wastewater from the late spring to the
early fall, when water requirements are high. At the one time, the ability to use such wastewaters with
minimal impact on the irrigation system, and thus with reduced negative impacts due to the system
maintenance and disposal.

The digestate liquid fraction used in the present study was previously subjected to an additional
hydrocyclone filtering, that likely discarded the high-molecular weight fraction. However, since few
differences were found between filtered and non-filtered liquid digestate fraction, it is likely that a
dilution at least up to 25%, according to the present study, can allow for a direct use of the digestate
liquid fraction in microirrigation system with a minimal harming of the system performances. However,
since the present is a short-term experiment, these results would require additional experiments with
unfiltered liquid fractions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/8/1150/s1,
Table S1: LSmeans estimates and relative standard errors of the traits under study [Solution released; output of
the turbidity sensor; dry matter concentration; [OH−] concentration; and pH difference than control]. LSmeans

http://www.mdpi.com/2073-4395/10/8/1150/s1
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with a letter in common can’t be considered different according to a conservative Tukey-grouping applied to the
p-differences of the LSmeans.; Table S2: Linear models of the variation in time of the temperature in the whole
experiment and of dry matter concentration, [OH−] concentration and pH, and in the 50% diluted hydrocyclone
filtered digestate liqud fraction; Table S3: Raw data of the amount of water or diluted hydrocyclone filtered
digestate liqud fraction, the output of the turbidity sensor (mV), dry matter content (%), pH of the solution, and
the amount of [OH−] concentration.

Author Contributions: Conceptualization, S.B., M.B., E.R., S.S., L.P.; methodology, S.B., M.B., E.R., S.S.; software,
S.B., E.R., S.S.; validation, S.B., S.S.; formal analysis, S.S.; investigation, S.B., M.B., E.R., S.S., P.C.; resources, M.C.,
P.T., C.B., L.P.; data curation, S.B., S.S., P.C.; writing—original draft, S.B., S.S.; writing—review and editing, S.B.,
S.S., P.C.; supervision, L.P.; project administration, L.P.; funding acquisition, L.P. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was carried out within the AGROENER project (D.D. n. 26329, 1 April 2016) funded by
the Italian Ministry of Agriculture (MiPAAF).

Acknowledgments: The authors wish to thank Ivan Carminati, Gianluigi Rozzoni, Alex Filisetti and Elia Premoli
for their assistance in performing the tests and for their professionalism and availability.

Conflicts of Interest: The authors have no conflicts of interest to disclose. The authors declare that they have
no financial interests or personal relationships with the brands cited, nor endorse any of the brands cited or
their products. Furthermore, the funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

References

1. Elliott, J.; Deryng, D.; Müller, C.; Frieler, K.; Konzmann, M.; Gerten, D.; Glotter, M.; Flörke, M.; Wada, Y.;
Best, N.; et al. Constraints and potentials of future irrigation water availability on agricultural production
under climate change. Proc. Natl. Acad. Sci. USA 2013, 111, 3239–3244. [CrossRef] [PubMed]

2. Döll, P. Impact of Climate Change and Variability on Irrigation Requirements: A Global Perspective.
Clim. Chang. 2002, 54, 269–293. [CrossRef]

3. Nakayama, F.; Bucks, D. Water quality in drip/trickle irrigation: A review. Irrig. Sci. 1991, 12, 12. [CrossRef]
4. Pereira, L.S.; Oweis, T.; Zairi, A. Irrigation management under water scarcity. Agric. Water Manag. 2002, 57,

175–206. [CrossRef]
5. Saia, S.; Fragasso, M.; De Vita, P.; Beleggia, R. Metabolomics Provides Valuable Insight for the Study of

Durum Wheat: A Review. J. Agric. Food Chem. 2019, 67, 3069–3085. [CrossRef]
6. Rusan, M.J.M.; Hinnawi, S.; Rousan, L. Long term effect of wastewater irrigation of forage crops on soil and

plant quality parameters. Desalination 2007, 215, 143–152. [CrossRef]
7. Tarchitzky, J.; Lerner, O.; Shani, U.; Arye, G.; Brener, A.; Chen, Y.; Lowengart-Aycicegi, A. Water distribution

pattern in treated wastewater irrigated soils: Hydrophobicity effect. Eur. J. Soil Sci. 2007, 58, 573–588.
[CrossRef]

8. Adin, A.; Sacks, M. Dripper-Clogging Factors in Wastewater Irrigation. J. Irrig. Drain. Eng. 1991, 117,
813–826. [CrossRef]

9. Elgallal, M.; Fletcher, L.; Evans, B. Assessment of potential risks associated with chemicals in wastewater
used for irrigation in arid and semiarid zones: A review. Agric. Water Manag. 2016, 177, 419–431. [CrossRef]

10. Drechsel, P.; Scott, C.A.; Raschid-Sally, L.; Redwood, M.; Bahri, A. Wastewater Irrigation and Health; Bahri, A.,
Drechsel, P., Raschid-Sally, L., Redwood, M., Eds.; Routledge: London, UK; Sterling, VA, USA, 2009; 432p,
ISBN 9781849774666.

11. Capra, A.; Scicolone, B. Emitter and filter tests for wastewater reuse by drip irrigation. Agric. Water Manag.
2004, 68, 135–149. [CrossRef]

12. Ahmed, B.A.O.; Yamamoto, T.; Fujiyama, H.; Miyamoto, K. Assessment of emitter discharge in microirrigation
system as affected by polluted water. Irrig. Drain. Syst. 2007, 21, 97–107. [CrossRef]

13. Goyal, M.R. Wastewater Management for Irrigation; Goyal, M.R., Triphati, V.K., Eds.; Apple Academic Press &
CRC Press: Boca Raton, FL, USA, 2016; ISBN 9780429152498.

14. Puig-Bargués, J.; Arbat, G.; Elbana, M.; Duran-Ros, M.; Barragan, J.; De Cartagena, F.R.; Lamm, F. Effect
of flushing frequency on emitter clogging in microirrigation with effluents. Agric. Water Manag. 2010, 97,
883–891. [CrossRef]

15. Hills, D.J.; Brenes, M.J. Microirrigation of Wastewater Effluent Using Drip Tape. Appl. Eng. Agric. 2001,
17, 17. [CrossRef]

http://dx.doi.org/10.1073/pnas.1222474110
http://www.ncbi.nlm.nih.gov/pubmed/24344283
http://dx.doi.org/10.1023/A:1016124032231
http://dx.doi.org/10.1007/BF00190522
http://dx.doi.org/10.1016/S0378-3774(02)00075-6
http://dx.doi.org/10.1021/acs.jafc.8b07097
http://dx.doi.org/10.1016/j.desal.2006.10.032
http://dx.doi.org/10.1111/j.1365-2389.2006.00845.x
http://dx.doi.org/10.1061/(ASCE)0733-9437(1991)117:6(813)
http://dx.doi.org/10.1016/j.agwat.2016.08.027
http://dx.doi.org/10.1016/j.agwat.2004.03.005
http://dx.doi.org/10.1007/s10795-007-9022-6
http://dx.doi.org/10.1016/j.agwat.2010.01.019
http://dx.doi.org/10.13031/2013.6215


Agronomy 2020, 10, 1150 13 of 13

16. Cararo, D.C.; Botrel, T.A.; Hills, D.J.; Leverenz, H.L. Analysis of Clogging in Drip Emitters during Wastewater
Irrigation. Appl. Eng. Agric. 2006, 22, 251–257. [CrossRef]

17. Makádi, M.; Tomcsik, A.; Orosz, V. Digestate: A New Nutrient Source—Review. Biogas 2012, 1–17. [CrossRef]
18. Green, O.; Katz, S.; Tarchitzky, J.; Chen, Y. Formation and prevention of biofilm and mineral precipitate

clogging in drip irrigation systems applying treated wastewater. Irrig. Sci. 2018, 36, 257–270. [CrossRef]
19. Barzee, T.J.; Edalati, A.; El-Mashad, H.; Wang, D.; Scow, K.; Zhang, R. Digestate Biofertilizers Support Similar

or Higher Tomato Yields and Quality Than Mineral Fertilizer in a Subsurface Drip Fertigation System.
Front. Sustain. Food Syst. 2019, 3, 3. [CrossRef]

20. Akhiar, A.; Battimelli, A.; Torrijos, M.; Carrere, H. Comprehensive characterization of the liquid fraction of
digestates from full-scale anaerobic co-digestion. Waste Manag. 2017, 59, 118–128. [CrossRef]

21. Tahir, M.U.; Ahsan, S.M.; Arif, S.M.; Abdullah, M. GSM Based Advanced Water Quality Monitoring
System Powered by Solar Photovoltaic System. In Proceedings of the 2018 Australasian Universities Power
Engineering Conference (AUPEC), Auckland, New Zealand, 27–30 November 2018; pp. 1–5.

22. Standard Methods for the Examination of Water and Wastewater. In Proceedings of the AWRA’s 1999
Annual Water Resources Conference: Watershed Management to Protect Declining Species, Seattle, WA,
USA, 5–9 December 1999; APHA: Washington, DC, USA, 1999.

23. Saia, S.; Aissa, E.; Luziatelli, F.; Ruzzi, M.; Colla, G.; Ficca, A.G.; Cardarelli, M.; Rouphael, Y. Growth-promoting
bacteria and arbuscular mycorrhizal fungi differentially benefit tomato and corn depending upon the supplied
form of phosphorus. Mycorrhiza 2019, 30, 133–147. [CrossRef]

24. Giovino, A.; Militello, M.; Gugliuzza, G.; Saia, S. Adaptation of the tropical hybrid Euphorbia×lomi Rauh
to the exposure to the Mediterranean temperature extremes. Urban For. Urban Green. 2014, 13, 793–799.
[CrossRef]

25. Guilayn, F.; Jimenez, J.; Rouez, M.; Crest, M.; Patureau, D. Digestate mechanical separation: Efficiency
profiles based on anaerobic digestion feedstock and equipment choice. Bioresour. Technol. 2019, 274, 180–189.
[CrossRef] [PubMed]

26. Bodole, C.; Koech, R.; Pezzaniti, D. Laboratory evaluation of dripper performance. Flow Meas. Instrum. 2016,
50, 261–268. [CrossRef]

27. Gamri, S.; Soric, A.; Tomas, S.; Molle, B.; Roche, N. Biofilm development in micro-irrigation emitters for
wastewater reuse. Irrig. Sci. 2013, 32, 77–85. [CrossRef]

28. Pinto, M.F.; Molle, B.; Alves, D.G.; Ait-Mouheb, N.; De Camargo, A.P.; Frizzone, J.A. Flow rate dynamics of
pressure-compensating drippers under clogging effect. Rev. Bras. Eng. Agríc. Ambient. 2017, 21, 304–309.
[CrossRef]

29. Dalri, A.B.; Santos, G.O.; Dantas, G.D.F.; De Faria, R.T.; Zanini, J.R.; Palaretti, L.F. Performance of drippers in
two filtering systems using sewage treatment effluent. Rev. Bras. Eng. Agríc. Ambient. 2017, 21, 363–368.
[CrossRef]

30. Zhang, J.; Zhao, W.; Tang, Y.; Lu, B. Anti-clogging performance evaluation and parameterized design of
emitters with labyrinth channels. Comput. Electron. Agric. 2010, 74, 59–65. [CrossRef]

31. Deng, Y.; Xu, J.; Liu, Y.; Mancl, K. Biogas as a sustainable energy source in China: Regional development
strategy application and decision making. Renew. Sustain. Energy Rev. 2014, 35, 294–303. [CrossRef]

32. Akhiar, A. Characterization of Liquid Fraction of Digestates after Solid-Liquid Separation from Anaerobic
Co-Digestion Plants. Ph.D. Thesis, Université Montpellier, Montpellier, France, 2017. Submitted 15/01/2018
(NNT: 2017MONTS004).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.13031/2013.20286
http://dx.doi.org/10.5772/31355
http://dx.doi.org/10.1007/s00271-018-0581-0
http://dx.doi.org/10.3389/fsufs.2019.00058
http://dx.doi.org/10.1016/j.wasman.2016.11.005
http://dx.doi.org/10.1007/s00572-019-00927-w
http://dx.doi.org/10.1016/j.ufug.2014.05.008
http://dx.doi.org/10.1016/j.biortech.2018.11.090
http://www.ncbi.nlm.nih.gov/pubmed/30504101
http://dx.doi.org/10.1016/j.flowmeasinst.2016.07.012
http://dx.doi.org/10.1007/s00271-013-0414-0
http://dx.doi.org/10.1590/1807-1929/agriambi.v21n5p304-309
http://dx.doi.org/10.1590/1807-1929/agriambi.v21n6p363-368
http://dx.doi.org/10.1016/j.compag.2010.06.005
http://dx.doi.org/10.1016/j.rser.2014.04.031
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Setup 
	Measurements and Analyses 
	Computations and Statistical Analysis 

	Results 
	Effects of the Hydrocyclone Filtration and Resting Time on the Traits of the Digestate Liquid Fraction 
	Effects of the Digestate Liquid Fraction Dilution on the Emitter Performances and Solution Traits 

	Discussion 
	Conclusions 
	References

