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Abstract: Pressurized sand media filters are commonly used in drip irrigation systems to prevent
emitter clogging. However, the performance of these filters may be improved with more information
about the retention of solids at different bed depths under different filter operation conditions and
irrigation water sources. In this study, experiments in a scaled sand media filter were conducted
to clog the filter with two different filtration velocities (30 and 60 m h~!) and two-particle types
(inorganic from A4 coarse sand dust and organic from a reclaimed effluent). The suspended solids
retained in slices of 5 mm (in the first 20 mm of the bed) and 20 mm (from 20 to 200 mm depth) thick
were determined following the van Staden and Haarhoff (2011) procedure. The solids retained in
each slice per mass of media were significantly (p < 0.05) affected by the interaction between the
filtration velocity, the bed depth, and the particle type. The solids retained in the first 5 mm of the
bed were significantly higher than at other depths. Moreover, inorganic solids were retained more in
upper slices than organic ones. Therefore, media depths may be adjusted depending on the irrigation
water source to optimize media use.
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1. Introduction

The Food and Agriculture Organization of the United Nations (FAO) estimates that,
by 2050, agriculture will need to produce almost 50% more food, fiber, and biofuel than in
2012. Since irrigated farming produces 40% of the agricultural production on 20% of the
land, increasing the irrigation area is key to achieving this milestone [1]. However, further
increases will be restricted by inter-sectoral competition for land and water resources as well
as for climate change, water scarcity and land and water degradation. These constraints can
be overcome by increasing land and water productivity through the adoption of pressurized
irrigation techniques such as sprinkler and drip irrigation, which considerably reduce water
application; however, they boost both energy and investment requirements [2].

Drip irrigation allows increased water use efficiency, improved crop yields and quality,
reduced deep percolation, minimized salinity hazards to plants, enhanced fertilizer and
chemical application, and improved cultural practices [3]. The energy requirements in drip
irrigation may also be reduced by its lower operating pressures than other pressurized
irrigation technologies or by its increased irrigation efficiencies that can save energy [3].
Moreover, since drip irrigation reduces pollutant exposure to humans and plants, it can be
safely used for applying reclaimed effluents, which can replace freshwater for irrigation
and, therefore, alleviate water scarcity [4]. These advantages explain why the world drip
irrigation surface has almost doubled between 2012 and 2021, increasing from 10.8 to
15.9 Mha, especially in emerging and developing countries where 68.2% of drip irrigation
surface is located [5].
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The main disadvantage of drip irrigation is emitter clogging which can cause nonuni-
formity of water application and system failure [4,6]. Thus, drip irrigation systems require
some filtration treatment to remove the particles that can easily clog emitters. Medjia filters
packed with granular materials, as well as disc and screen filters, are widely used for this
purpose [7]. However, since particles can be caught across the whole filtration bed and not
only on its surface, media filters are usually more efficient than screen and disc filters in
preventing emitter clogging when low-quality irrigation water, such as reclaimed effluent,
is used [8-11]. Solid removal efficiency can be increased by combining both media and disc
filters [12-14].

In the pressurized media filters, a diffuser plate distributes the inlet water on the
media bed surface, and once the water has passed through the bed, an underdrain releases
the filtered water to an outlet. Thus, those particles carried by the irrigation water are
trapped throughout the media bed by different and simultaneous mechanisms such as
straining, interception, inertia, sedimentation, diffusion, and hydrodynamic action [15].
Those particles which are larger than the filter pore opening or highly concentrated are
retrained by straining, mainly at the filter surface [15]. The media grains can also intercept
those small particles transported in the flow streamlines which approach the grain surface.
In addition, the streamlines diverge when approaching the media grains, but those particles
with enough inertia maintain their trajectory and collide with the grains [15,16]. Moreover,
those particles with greater density than water deviate from the streamline due to gravity
and sediment on media grains [15]. Diffusion is due to the thermal energy of the fluid,
which is transferred to the very small particles and causes them to drift from the streamlines
to impact the surface of the grains or other particles [15,16]. Furthermore, every particle is
subjected to hydrodynamic action caused by the velocity gradients within pore openings.
The particles tend to rotate due to the higher velocities they experience on one side and
create an additional spherical field, which leads to movement across the streamlines and
further collision with the grains [15,16]. The suspended particles will be subjected to all of
these mechanisms to varying degrees. However, their relative importance will depend on
the fluid flow conditions, the geometry of the filter pores and the size, shape, and density
of the particles [16].

Once the media pores become clogged with retained solids, the pressure drop across
the filter increases until it is necessary to backwash the bed to remove the accumulated
pollutants and restore appropriate filtration conditions.

Recent research on media filters for drip irrigation systems has focused on studying
the pressure loss across media filters [17-24], leading to the suggestion of several design
improvements [25-28], which yielded more uniform flow across the media bed. Despite
advances in the knowledge of the hydrodynamics of pressurized media filters, few studies
have deeply analyzed the retention of sediments across the media bed, which is necessary to
optimize solid removal efficiency and filter performance. Several authors [19,29] observed
that inorganic suspended solid removal efficiency increased with higher flow rates and,
therefore, with higher filtration velocities, as well as smaller media particle sizes. On
the other hand, Solé-Torres et al. [30] found that turbidity (which is highly correlated
with suspended solids) removal in media filters when using effluents depended on the
interaction between bed height, filtration velocity and filter underdrain design. In addition,
turbidity removal is also explained by the interaction between filter design and media
material [31]. Burt [32] highlighted that most of the particles filtered are attached to the
upper layer of the media bed despite the fact that some variation was observed depending
on the filtration velocity and particle size. In this regard, de Deus et al. [33] found that the
inorganic solids retained decreased along media depth until the last quarter of the depth,
where the solid amount increased again. Higher particle retention on superficial layers was
also observed by Duran-Ros et al. [34], who worked with a pressurized scaled filter under
laboratory conditions and using reclaimed effluent. These authors, using optical coherence
tomography (OCT), did not find specific solid deposition patterns on the media slices
analyzed. Nevertheless, differences in solid retention across the media bed depending on
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both the type of particles and filter operation conditions, such as velocity, have not been
studied yet. Thus, the main goal of this study was to analyze the amount of suspended
solids retained across the filter bed at two common filtration velocities and two irrigation
water compositions.

2. Materials and Methods
2.1. Experimental Setup
2.1.1. Experimental Filter

A cylindrical polymethyl methacrylate (PMMA) media filter was designed and built
(Figure 1) to carry out the experiments. The inner diameter of the filter was 110 mm and
was scaled down by a factor of 4.54 from a commercial 500 mm diameter media filter
allowing the experiments to be conducted at experimental level whilst keeping the same
filtration water velocity. A diffuser plate, consisting of an 80 mm diameter and 10 mm
height cylinder with a 2.5 mm square grid of 1 mm diameter openings avoiding the 10 mm
central zone, was built and fixed to the filter top cover to obtain a homogenous flow on the
bed media surface. The underdrain placed at the filter bottom was an iron-steel perforated
plate. A screw system was also designed and assembled to raise the underdrain allowing
the acquisition of media slices of desired thickness for further analysis.

Figure 1. (a) Experimental filter built for the experiment before and (b) after the insertion of the sand
bed and the necessary fittings for conducting the experiment.

2.1.2. Laboratory Setup

The laboratory experimental setup (Figure 2) worked as a closed circuit with a 0.06 m3
frustoconical tank where tap water was deposited, a digital water thermometer with an
accuracy of 1 °C, a Niza 60/3 (Hidraulica Alsina, La Llagosta, Barcelona, Spain) centrifu-
gal pump, a CZ3000 DN15 (Contazara, Cartuja Baja, Zaragoza, Spain) flow meter with an
accuracy of 1% and the PMMA media filter unit. Outlet and inlet filter pressures were
measured using a Leo 2 (Keller, Gallerstrasse, Winterthur, Switzerland) digital manometer
with a precision of +0.07%. Target filtration velocity was achieved by adjusting the opening
of a gate valve placed before the flow meter. With the regulation of the outflow gate valve,
pressure at the filter inlet was adjusted to 120 kPa. A pressure relief valve was also installed
at the filter inlet pipe. This valve opened automatically when the pressure reached 200 kPa
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to prevent any damage to the experimental filter PPMA body. After being filtered, water
was returned to the tank; therefore, the system worked as a closed circuit.
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Figure 2. Experimental laboratory setup.

2.1.3. Wastewater Treatment Plant Setup

One set of experiments was carried out in the Celra (Girona, Spain (42°02'25.3"" N
2°52'19.8" E)) wastewater treatment plant (WWTP). The same experimental filter, pump,
valves, flow meter, and pressure gauges used in the laboratory setup described in the
previous section were moved to the WWTP facilities. In this case, however, the filter
worked using a reclaimed effluent, which was pumped from the outlet chamber of the
settling tanks placed after a biological reactor-type oxidation ditch operated by a sludge
process. Once the effluent was filtered, it was released into the outlet chamber. Given the
volume of the outlet chamber, the experimental setup did not work as a closed circuit.

2.2. Experimental Procedure
2.2.1. Filtration Experiments

The filtration experiments aimed to analyze the effect of two particle types and two
filtration velocities on the particles retained under filtration conditions at different bed
depths (Table 1).

The experimental filter was prepared for each run following the standard EN 16713-
1 [35]. Thus, at the beginning of each test, in order to ensure the cleanliness of the
equipment, the experimental setup was operated with tap water until the outlet water
turbidity—which was measured with a HI 93703 (Hanna Instruments, Woonsocket, RI,
USA) portable turbidimeter—was below 1.5 formazin nephelometric units (FNU). Then,
the filter was filled with CA-07MS silica sand (Sibelco Hispania, Bilbao, Spain) previously
washed and dried. The Dy diameter (diameter in which 10% of the weight of the sample
was finer) of this silica sand was 0.48 mm, the D¢y diameter (diameter in which 60% of
the sand was finer) was 0.83 mm, the uniformity coefficient (Dgy/D19) was 1.73, and the
porosity (ratio of the volume of voids versus the total volume occupied by the media)
was 0.40.
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Table 1. Factors included in the present study.

Target (and Actual Average
Type of Particle Added =+ Standard Deviation) Media Bed Slices (mm) !
Filtration Velocity (m h—1)

. 30 (30.5 + 0.8) 0-5
Inorganic (A4 sand dust) 60 (59.5 + 1.6) 5-10

10-15
30314 £2.1) 15-20
2040
40-60
60-80
-1
Organic (reclaimed effluent) 60 (62.0 + 2.7) 1%%_102%
120-140
140-160
160-180
180-200

! From the top of the bed to the bottom.

Once the media bed was placed in its position, the filter was backwashed to get rid of
the finest particles, which could cause future clogging problems, with a velocity 50% higher
than the target filtration velocity until the turbidity of the backwashed water was lower
than 1.5 FNU. Then, the filter was drained, and tap water was filtered for 5 min to ensure
that turbidity was below 1.5 FNU, which is assumed to be the maximum water turbidity
for a clean experimental setup. If turbidity was above 1.5 FNU, the tap water in the system
was fully replaced, the filter was run for 5 min more, and the turbidity was measured again.
This procedure was repeated until the outlet water turbidity was below 1.5 FNU. When
this condition was verified, the inlet valve was opened or closed until a filtration velocity
(indirectly measured with the flow meter) reasonably close to the target (30 or 60 m h™1)
was reached. In addition, the outlet filter valve was also adjusted to achieve the filtration
working pressure (120 kPa). Although the gate valves were carefully adjusted to allow the
required treatment filtration, there were some changes during each test. Therefore, actual
filtration velocities slightly differed from the targeted velocities (Table 1).

In the laboratory experiments, Arizona Test Dust A4 class (Powder Technology Inc.,
Arden Hills, MN, USA) sand, with Djg = 5.1 um and Dgy = 43.9 um, was added in the
frustoconical tank. During the same test, 0.28 g of A4 dust sand was added to the tank
every 5 or 2.5 min for the 30 and 60 m h~! filtration velocities, respectively, to maintain
the filter inlet solid load at 0.5 g L1, according to the EN 16713-1 standard [35]. Filtered
volume, flow rate, filter inlet and outlet pressures, and temperature were recorded every
2.5 min. The filtration run ended when the bed media was clogged, which was assumed to
be when the total pressure loss across the filter reached 50 kPa [9].

This procedure was also followed in the experiments carried out in the WWTP, but
the filter was directly fed with reclaimed effluent, as previously explained in Section 2.1.3.

All the experiments in the laboratory and in the WWTP were conducted four times
for each given target filtration velocity. The average experimental conditions of each set of
experiments are shown in Table 2.
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Table 2. Average + standard deviation of mass of added solids, filtered volume and water tempera-
ture during the different experiments (N = 4).

Type Target Filtration Flow (m® h-1) Added Solids ! Filtered Volume Water
of Particle Velocity (m h—1) (g (m?3) Temperature (°C)
Inorganic (A4 dust 30 295+ 0.16 8.38 +2.13 0.72 +0.18 242+13
sand) 60 5.69 +0.15 3.95 £ 0.88 0.32 £+ 0.07 228+1.1
Organic (reclaimed 30 299 £0.17 7.84 £3.99 0.46 £0.14 199+ 14
effluent) 60 5.89 4+ 0.26 20.28 +£8.75 1.68 £+ 1.06 17.6 £1.2

! For the reclaimed effluent, this amount was estimated by multiplying the total suspended solids of the influent
with the filtered volume.

2.2.2. Measurement of the Solids Retained in the Media Bed

Once each test was finished, slices of the bed were obtained by pushing up the
underdrain using the screw of the experimental filter (Figure 3). These slices were 5 mm
thick in the upper 20 mm of the bed and 20 mm thick from 20 to 200 mm bed depth. Thus, a
total of thirteen slices were obtained in each run. The slice thickness was carefully measured
using a ruler (Figure 2), and then the slices were removed and put into a 1000 mL recipient.

Figure 3. Extraction of bed slices in the experimental filter.

The retained solids in each slice were determined following the van Staden and
Haarhoff procedure [36]. For the first four media slices (5 mm thick), 100 mL of distilled
water was added to the 1000 mL test tube containing each bed slice. In the 20 mm thick
slices, the water was added to a sample of 50 mL since this is a volume of media similar to
that of the four first slices. Then, the recipient was sealed and shake-inverted vigorously
20 times to achieve the physical stripping of the media, and the supernatant water was then
decanted. This procedure was repeated four more times, so a total of five rounds per slice
(except for the upper slice, for which a total of ten rounds were needed until the supernatant
was clear) were carried out, and 500 mL of suspension (1000 mL for the first slice) were
obtained. A sample from this suspension was used for analyzing the total suspended solids
following the Standard Methods for the Examination of Water and Wastewater [37].

These samples were filtered in a magnetic filter funnel (Pall Corporation, East Hills,
NY, USA) using 47 mm diameter and 1.2 um porous size GMFC-52047 (Scharlab, Sentmenat,
Barcelona, Spain) glass microfiber filters previously dried at 105 °C in a Digitheat 190 L
(Selecta, Abrera, Spain) heater for 12 h, and weighed with an HM-200 (A&D Instruments
Ltd., Tokyo, Japan) scale with a precision of £0.01 mg. The samples were filtered using a
1C (Vacuubrand, Wertheim, Germany) vacuum pump. Once the samples were filtered, the
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glass microfiber filters were dried in the heater for 2 h at 105 °C. Then, they were cooled
down in a desiccator for 2 h and weighed.

As all the retained particles in the media had to pass through the 500 mL water
solution [38], the mass of the total suspended solids retained in each bed slice could be
computed. Moreover, each media slice was dried at 105 °C for 24 h, and its weight was
determined with a GX-4000 (A&D Instruments Ltd., Tokyo, Japan) scale with an accuracy
of +10 mg, so the ratio between the mass of retained suspended solids per mass of media
slice was also calculated. Lastly, the percentage of solids retained in each slice regarding
the total solids retained across the bed was computed.

2.3. Statistical Treatment

Statistical analyses were carried out using SPSS Statistics software (IBM, New York,
NY, USA). The ratio of the solids retained regarding the slice mass as well as the total solid
retention percentage across the media bed, were assessed using an analysis of the variance
(ANOVA). In both cases, the model included as fixed effects the type of the particle filtered,
the filtration velocity and the bed depth slice as well as all their double (i.e., filtration
velocity x type of particle, filtration velocity x bed depth slice, and type of particle x bed
depth slice) and triple (filtration velocity x type of particle X bed depth slice) interactions.
Tukey’s pairwise comparison test was used to assess if averages were significantly different
with a probability of 0.05 or less.

3. Results
3.1. Solids Retained Regarding the Slice Mass

The results of the analyses of the model’s variance for the solids’ ratio retained in
each slice regarding the mass of the slice are shown in Table 3. The model was statistically
significant (p < 0.05), as was the effect of filtration velocity, the bed depth slice, the double
and triple interactions between filtration velocity, the type of particle added, and the bed
depth slice. Although the type of particle added was not significant as a single factor
(p > 0.05), it participated in all the significant interactions. The triple interaction will be
further analyzed in this section since the effects of filtration velocity, type of particle, and
bed depth cannot be considered independently.

Table 3. Significance levels (p-value) of the statistical model, each factor (filtration velocity, type of
particle, and bed depth slice) and the double and triple interactions for explaining the ratio of total
solids retained per mass of bed slice.

Parameter p-Value

Model <0.001

Filtration velocity 0.001

Type of particle ns. !
Bed depth slice <0.001

Filtration velocity x type of particle 0.003
Filtration velocity x bed depth slice 0.020

Type of particle x bed depth slice 0.013

Filtration velocity x type of particle x bed depth slice 0.002

' n.s.: not significant (p > 0.05).

The ratio of the solids retained in a bed slice to the mass of each slice regarding each
type of particle, filtration velocity, and bed depth slice is shown in Figure 4. For both the
sand dust and the reclaimed effluent, this ratio was significantly (p < 0.05) higher in the 0-
5 mm upper layer than in the rest of the bed, whatever the filtration velocity (30 or 60 m/h)
was. Differences between filtration velocities were only observed in the 0-5 mm slice with
sand dust. In this case, the suspended solids retained per mass of slice were significantly
higher (p < 0.05) working at 30 m h~! than at 60 m h~!. In the rest of the bed depth, no
differences were found between velocities, either with sand dust or reclaimed effluent.
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Figure 4. Average (+standard error) of the total suspended solids (g) retained per mass (g) of slice
bed across the whole media bed depth regarding the type of particles added and the target filtration
velocity. Different small letters show significant differences (p < 0.05) between filtration velocities for
a given bed depth. Different capital letters show significant differences (p < 0.05) between media bed
depths for a given filtration velocity.

3.2. Percentage of Solids Retained across the Media

Table 4 shows the results of the model’s variance analysis for the percentage of solids
retained in each bed slice regarding the total. Although the model was statistically signif-
icant (p < 0.05), only the factor of bed depth, the double interaction between the type of
particle, and the bed depth were significant (p < 0.05). This means that neither the filtration
velocity nor the type or particle completely explain the results of this index. Thus, the
double interaction between the type of particle and bed depth is analyzed here.

Figure 5 shows the percentage of the solids retained in each slice regarding the solids
attached to the whole bed. There was a different pattern regarding the origin of the particles
present in the irrigation water. Thus, when sand dust was added, 59% of the total solids
were found in the upper slice (0-5 mm), which was significantly higher (p < 0.05) than
the 42% of solids retained at this same depth working with the reclaimed effluent. In
the two following slices, more solids were significantly retained using reclaimed effluent
than with sand dust (12.7 vs. 10.3% at 5-10 mm and 8.9 vs. 6.6% at 10-15 mm). There
were no significant differences (p > 0.05) in the percentage of solids retained below 15 mm
regarding the type of particles, although they were slightly higher with the reclaimed
effluent. In the first 20 mm of bed, 81% of solids on average were retained when sand
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dust was used for 69% with reclaimed effluent. It should also be highlighted that from
a 20 mm bed depth to the bottom, the solids attached in each slice were below 5% of the
total. On the other hand, when sand dust was added to irrigation water, the percentage of
solids retained in the upper slice (0-5 mm) was significantly higher than that in the second
layer (5-10 mm), which was also statistically greater than those of the third (10-15 mm)
and fourth (15-20 mm) slices. There were no significant differences in the percentages of
retained solids between the nine 20 mm thick slices between 20- and 200-mm bed depth.
Comparable results were obtained with the reclaimed effluent. However, in this case, there
were no significant differences in the percentage of solids retained either at 15-20 mm and
20-40 mm or between the seven slices from 20-40 mm to 140-160 mm bed depth. The
percentage of particles retained in the last 40 mm of the bed was also significantly smaller
(p < 0.05) than those obtained until half of the bed depth (100 mm).

Table 4. Significance levels (p-value) of the statistical model, each factor (filtration velocity, type of
particle, and bed depth slice) and the double and triple interactions for explaining the percentage of
the total suspended solids retained in each slice.

Parameter p-Value

Model <0.001

Filtration velocity ns. !
Type of particle n.s.

Bed depth slice <0.001
Filtration velocity X type of particle n.s.
Filtration velocity x bed depth slice n.s.

Type of particle x bed depth slice <0.001
Filtration velocity x type of particle x bed depth slice n.s.

! n.s.: not significant (p > 0.05).

Aa

@ Sand dust M Reclaimed effluent

Ba

Bb Ca

Cb cD DE

0-5 510  10-15  15-20 20-40 40-60 60-80 80-100 100-120 120-140 140-160 160-180 180-200
Bed media depth (mm)

Figure 5. Average (+ standard error) of the percentage of solids retained across the whole media bed
in each slice of bed regarding the type of particles added. Different small letters show significant
differences (p < 0.05) between sand dust and reclaimed effluent for a given bed slice. Different capital
letters mean significant differences (p < 0.05) between bed slices for a given type of particle added.

4. Discussion

The effect of the filtration velocity and the type of particles (sand dust and reclaimed
effluent) on the suspended solids retained across the media bed depth of a scaled pressur-
ized sand media filter has been studied. The bed depth was fixed to 200 mm since this is
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a minimum value in commercial filters [30]. Other studies were conducted with media
heights of 80 mm [34], 200 and 300 mm [30], and 350 mm [29,33]. Solé-Torres et al. [30] did
not find clear differences between 200 and 300 mm depths regarding turbidity removal and
filtered volume.

The slices taken (Figure 3) were 5 mm thick in the upper 20 mm and, from this depth to
the bottom of the media bed, were 20 mm thick. Therefore, bed slices were thinner on the top
than the 20 mm used by Duran-Ros et al. [34] and the 87.5 mm used by Mesquita et al. [29]
and de Deus et al. [33]. These finer slices allowed a more detailed analysis of the solid
retention, especially in the upper layers of the media bed, where large particles are usually
found [32]. Since slice thickness was different, the results obtained here were presented as
retained solid mass per analyzed mass of each slice. Thus, the results of solids are directly
comparable between slice depths (Figure 4). There was a significant difference (p < 0.05)
between the solids retained in the first 5 mm and the rest of the bed depth, whatever the
type of solid added in the irrigation water and the filtration velocity. Higher solids in the
upper layers were also found in previous research [33,34]. In our study, when sand dust
was added, there were, on average, 0.013 g suspended solids g media~"! in the first 5 mm for
0.001 g suspended solids g media~! from 5 to 200 mm depth (Figure 4). In the experiments
with reclaimed effluent, the first 5 mm of the bed had a mean of 0.010 g suspended solids g
media~! for 0.001 g suspended solids g media~! in the rest of the media bed.

The different filtration velocities only had a significant effect (p < 0.05) on the first 5 mm
of bed working with sand dust. In this case, 0.017 and 0.009 g suspended solids g media~!
were found at 30 and 60 m h™ 1, respectively. Mesquita et al. [29] and de Deus et al. [31]
observed that the greater the filtration velocity, the more the solids retained. In our case,
the results were completely the opposite. Our experiments were carried out until a head
loss of 50 kPa was reached, but in the other studies, they were conducted for a fixed time.
Since the head loss threshold was reached faster at a higher velocity, filtration cycles were
shorter, as Solé-Torres et al. [30] had previously observed in commercial sand media filters.
Since the sand dust was added at the same rate and the filtered volume was slightly below
half at 60 m h~! than at 30 m h~! (Table 2), then the sum of the suspended solids (Figure 4)
in the whole media bed was close to the half at 60 m h~! than at 30 m h=! (0.014 vs. 0.030 g
suspended solids g media~!, respectively).

When the reclaimed effluent was used, the filtration velocity did not have any sig-
nificant effect on the solids retained in each slice. Despite more solids being found in the
two first slices (0-5 and 5-10 mm) at 60 m h~! than at 30 m h~!, the difference was not
statistically significant. In fact, the sum of the suspended solids retained across the whole
media was the same (0.023 g suspended solids g media~') for both velocities (Figure 4).
Fewer total suspended solids and reclaimed effluent were filtered at 30 m h~! than at
60 m h~!. However, it should be pointed out that, besides suspended solids, reclaimed
effluent may have other chemical and biological compounds, which were not analyzed
here, that could contribute to quick filter clogging and, therefore, to increased head loss.
Moreover, greater standard deviations (Table 2) clearly show higher variability with re-
claimed effluents, as other authors describe [11,30]. As far as the authors know, there are
no other studies dealing with the effect of particle retention across the bed in pressurized
filters when using effluents.

The percentage of suspended solids for each slice regarding the total (Figure 5) was
only explained by the interaction between the type of particle and the slice depth but not
by the filtration velocity. In the first 5 mm of bed, 59% and 42% of the total solids were
retained with sand dust and reclaimed effluent, respectively. From 5 to 20 mm depth, this
percentage dropped to 22% and 27%, respectively. Overall, despite some slight differences
when effluent was used, there were no significant differences in these percentages for the
slices from 20 mm to the bottom (Figure 5). These noticeable differences between bed depths
had not been previously observed. Duran-Ros et al. [34], using a similar experimental
setup with a total of four 20 mm slices for a bed depth of 80 mm, found that the average
percentages of retained mass were 35%, 24%, 23% and 17% from top to bottom, respectively.
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De Deus et al. [33], adding sand particles with a media bed similar (Do = 0.55 mm) to that
of the present study (Djg = 0.48 mm), found more uniform solids retention percentages in
the four 85 mm thick layers. Thus, for a filtration velocity of 20 m h~1, these percentages
were, from upper to lower layers, 32%, 25%, 25% and 19%, respectively. When filtration
velocity was increased to 60 m h~1, the retention percentages were 25%, 21%, 22% and 32%,
respectively. The percentages at the bottom increased with the number of filtration cycles
using the same media [33]. In our case, the media was replaced after each filtration cycle,
and the effect of the number of filtration cycles cannot be compared. De Deus et al. [33]
observed greater solid retention in the upper layers at finer media sizes, especially at
the highest filtration velocities. The results show that straining is the prevalent filtration
mechanism at these grain sizes since more solids are found on the bed surface [15,16].
However, the other filtration mechanisms (interception, inertia, sedimentation, diffusion,
and hydrodynamic action) play the most prominent role with coarse media sizes [33],
which promote deep filtration.

The results also show a different pattern when reclaimed effluents are used. In this
case, a significantly smaller percentage of retained solids regarding sand dust was observed
in the first 5 mm but, conversely, was higher between 5 and 15 mm (Figure 5). Below this
depth, no significant differences were observed between those percentages obtained using
sand dust and reclaimed effluent. Reclaimed effluents have mainly organic particles, which
can be deformed when pressure increases and, therefore, can be released from the top layers
to deeper ones. Results show that the filtration process of reclaimed effluent in pressurized
media filters occurs more in-depth than with inorganic particles. The smaller sizes of
effluent organic particles and their deformation when pressure increases [39] allow those
particles initially retained mainly by straining on the bed surface to be released to deeper
layers where they are finally attached to sand grains by the other filtration mechanisms.
The results suggest that media depth should not be reduced when using irrigation water
with organic particles, but it might be shortened if the water source has mostly inorganic
particles, such as groundwater. Filter operation with less media bed allows for reducing
the environmental impact of the use phase [40].

Under real operation conditions, once the media pores become clogged with retained
solids, the pressure drop across the filter increases until a bed backwashing is conducted to
remove the accumulated pollutants and restore appropriate filtration conditions. The effect
of backwashing on the solids retained across the media bed has not been analyzed in the
present study. However, previous research shows that the differential solid retention across
the media bed during filtration leads to non-uniform bed fluidizations, which compromises
backwashing efficiency [33].

The results of solids retained were obtained using the van Staden and Haarhoff [36]
methodology, which consists of measuring the total suspended solids retained in the bed.
Mesquita et al. [29] successfully used the van Staden and Haarhoff method with four
samples of 60 mL of media bed each and found it more representative than taking ad-hoc
water samples at both filter inlet and outlet for determining the filter removal efficiency by
analyzing the total suspended solids. In our case, we have analyzed the whole slices in the
first 20 mm of depth (with a volume of around 50 mL in each of the four slices) and other
50 mL media samples for those slices from 20 mm to the bottom. Thus, suspended solids
were determined using more media mass per filter bed than in previous studies [29,34].
However, when comparing the amount of sand dust added or the solids in reclaimed
effluent estimated, the retained solids were about 40% of that supplied. The van Staden and
Haarhoff procedure, in addition to being time-consuming, might not be able to release all
the solids retained in the media. On the other hand, the smallest solids added might pass
the filter to the driplines. Adin and Elimelech [39] have found that most of the particles
in the effluent are smaller than 10 pm. Those particles smaller than 1.2 pm (the minimum
particle size of the total suspended solids determined with the procedure described in
Section 2.2.2) cannot be measured as suspended solids and may explain some of this
difference. Other methods might be developed for quantifying the retention of all the solids
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in the whole media bed. They might be based on image analysis, such as optical coherence
tomography [26] or on other alternative techniques not yet developed.

The experiments were carried out using an experimental scaled filter. Further research
should be conducted with different bed depths, media materials and velocities and using
commercial filters.

5. Conclusions

The effect of two filtration velocities (30 and 60 m h~!) and two types of particles
present in irrigation water (inorganic as sand dust and organic particles as reclaimed
effluent) were assessed under filtration operation in an experimental pressurized filter with
a 200 mm sand media bed depth.

The suspended solids retained across the filter bed depended on the interaction
between the type of particles, the filtration velocity, and the bed depth. The suspended
solids per slice mass were significantly (p < 0.05) higher in the first 5 mm of the bed than
in the rest 195 mm of the experimental filter used for both velocities and particle types.
Filtration velocity only yields differences in the suspended solids per slice mass in the
upper 5 mm of media when using sand dust. Since no differences were found between
filtration velocities in the rest of the bed media depth, it would be advisable to work at
60 m h~—1 because, for a given flow rate, less filtration surface and filters would be needed
and, therefore, investing and maintenance costs would also be reduced.

81% of the solids retained were found within the 20 mm of the bed when adding
sand dust compared with 69% when using a reclaimed effluent. The higher solid filtration
observed in the superficial bed layers suggests that the media bed might be thinner when
filtering inorganic particles than organic particles.
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