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Figure 3. Variation of the bromide and total bromine at different voltages (2 V, 3 V and 4 V) under
anodic conditions. The adsorption in the absence of voltage is also included. The dashed line
corresponds to the total bromine and full line to the bromide.

We can also observe that, in the case of 4 V, the bromide and total bromine concentra-
tions decrease significantly and with a much higher rate than in the absence of potential,
achieving a reduction of the bromide concentration by 29% after 0.5 h of contact with the
activated carbon. In the absence of voltage, the reduction in concentration after 0.5 h is
14 %. The bromide concentration after equilibrium is 200 ug L=, which corresponds to
an adsorption capacity of the activated carbon of 14.5 ug g~! and to a reduction of the
bromide concentration of 42%.

At high potentials, bromide ions can be oxidized to Br; according to Equation (1), and
the decrease in concentration observed at high potentials (3 V or 4 V) may be due to the
electrochemical transformation of bromide to bromine. At these voltages, values higher
than the standard potential of this reaction are reached in the anode, making the oxidation
of bromide possible. It should be noted that the adsorption of Br; on activated carbon is a
very favorable process, unlike the anion.

Br, + 2¢~ — 2 Br~ E° = 1.08V/ENH 1

To verify this result, a pure electrochemical treatment experiment in the absence of
activated carbon in the electrochemical cell was carried out by applying a voltage of 3V,
and the result is shown in Figure 4. This voltage is selected in order to avoid the formation
of bubbles on the electrode.
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Figure 4. Variation of bromide concentration in an experiment in the absence of activated carbon at
3V.

It can be observed, in Figure 4, that the bromide concentration decreases continuously
over time, indicating that it is oxidized on the electrode, thus decreasing its concentration
in the solution; however, the total bromine after an initial decrease, probably due to some
volatilization, remains constant with time, indicating the conversion of bromide into Br,
according to Equation (1). This oxidation reaction, once the constant value of bromine is
reached, is not producing a change in the total bromine in solution, but an interconversion
of one species into another.

Tables 3 and 4 compare the final bromide and final total bromine concentration
values obtained in the adsorption and electroadsorption experiments after 24 h at different
voltages. The tables also include the percentages of bromide removal and total bromine
removal (with respect to the initial concentration). In addition, the amount adsorbed by
the activated carbon of both bromide and total bromine is shown.

Table 4. Total bromine concentration at the end of the experiment, % removal and amount adsorbed
at equilibrium on activated carbon in different electroadsorption experiments.

Voltage (V) [Br] Final (ug L-1) % Removal q (ugl/g)

Open Circuit 255 46 20.0
2V 248 47 20.7
3V 252 46 20.3
4V 198 58 25.7

We can see that the bromide concentration decreases in the absence of potential by
29% [33] and we managed to increase the percentage of elimination by 41% and 46% in the
presence of the electric field, which is 12% and 17% more than just in a process of adsorption
(open circuit conditions). However, the value of total bromine content in adsorption and
electroadsorption is similar (Table 4) to the applied voltage up to 3 V.

However, when the voltage increases to values where the electrode potential reaches
the oxidation of bromide to bromine (4 V), the percentage of total bromine removal in-
creases, which indicates that the adsorption of bromine is more favorable on the activated
carbon increasing the adsorption capacity. However, at this voltage, the formation of
gas on the electrode surface is clearly observed, mainly due to water oxidation. Then, in
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order to avoid the formation of bubbling on the electrode, the effect of polarity on the
electroadsorption, a voltage of 3 V has been selected.

Energy Consumption of Electrochemical Removal of Bromide

The Energy Consumption (EC) per unit volume of treated water was calculated
according to Equation (2):

EC(kWh L) = (U-I-t)/(V-1000) )

where U is the voltage of the electrochemical cell (V), I is the average current (A), t is the
treatment time (h) and V is the volume of treated water (L).

Then, the EC during the removal of bromide in this laboratory scale is between 1 and
2kWh L1,

3.2. Effect of the Polarity of the Electrode (Anodic Electroadsorption and Cathodic Electroadsorption)

In order to study the effect of the polarity of the electroadsorption experiments, the
comparison between the performance of an anodic electroadsorption (the activated carbon
is located in the anode compartment in which the activated carbon is subjected to a positive
polarity) and the cathodic electroadsorption (the activated carbon is located in the cathode
compartment, in which the activated carbon is subjected to a negative polarity) has been
done. In these experiments, the following consecutive steps have been done: (i) adsorption
at open circuit conditions during 24 h, (ii) application a voltage of 3 V during 24 h and
(iii) again open circuit potential during 24 h in order to analyze the reversibility of the
electroadsorption step.

Figure 5 shows the evolution of the bromide concentration during these experiments
at cathodic and anodic conditions during the second step. It can be observed that, after
the adsorption at the open circuit potential (step 1 in Figure 5), the amount of bromide is
similar in both cases; however, after the electroadsorption, the anodic treatment produces
a higher decrease in the concentration of bromide that, in the case of cathodic electro-
adsorption (step 2 in Figure 5). These results can be as a consequence of two processes:
the electroadsorption of the bromide that is favored at a positive polarization of the active
carbon and the oxidation of bromide on the anode according to Equation (1). Moreover,
after the electroadsorption step, if the system is again put at open circuit conditions, no
desorption of the bromide is produced in both polarities, indicating the irreversibility of
the electroadsorption processes.

It can be also seen that, after the anodic electroadsorption treatment (24 h of treatment
at 3 V), in the following adsorption process at open circuit potential (step 3 in Figure 5),
a new decrease in the bromide concentration is observed. These results seem to indicate
that the bromide has been oxidized in anodic conditions to Br, and a new adsorption
equilibrium of bromide is again reached as a consequence of the different concentration of
bromide in solution.

3.3. Adsorption after an Electrochemical Oxidation Process: Two-Stages Electroadsorption

In order to improve the bromide removal, the following experiment in two stages was
designed: in the first, an electrochemical treatment during 24 h takes place in the absence
of activated carbon (electrolysis stage). During this stage, the bromide is oxidized to Br,,
which can be easily adsorbed on the activated carbon. Then, after this electrochemical
oxidation stage, the water is passed to another electrochemical cell in which a second
adsorption stage during 24 h in the presence of activated carbon is done, but in the
absence of potential (adsorption stage). The water is continuously circulated between both
electrochemical cells and the concentration is taken over time. Figure 6 shows a scheme of
the electrochemical device used.
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Figure 6. Scheme of the two electroadsorption stages.

The data obtained after the total treatment are shown in Table 5. We can see that the
concentration of bromide reaches a value similar to that obtained in the pure electroadsorp-
tion experiment in the same conditions of voltage (Table 3); however, the total bromine falls
below 200 pg L~! and the percentage of elimination of this total bromine increases with
respect to that obtained in an electroadsorption process (Table 4). Then, using two stages in
comparison to only the electroadsorption stage, it is possible to reduce both concentrations,
bromide and total bromine, from the water.
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Table 5. Bromide concentration, bromine and percent removal and amount adsorbed by activated
carbon in a two-stage experiment at the end of the treatment.

[Br-] Final (ug L-1) % Removal q (ug/g)
2 Stages 185 46 16.0

[Br] Final(ug L~1) % Removal q (ug/g)
2 Stages 194 59 25.8

4. Conclusions

It can be concluded that the electroadsorption process is effective against the elimina-
tion of bromide and total bromine in water with a content of 345 pg L~! and 470 ug L1,
respectively, reaching elimination values of around 46 % in a single-stage electroadsorption
process in both bromide and total bromine. It has been studied that the better conditions for
removal of bromide in water with a concentration is the application of the electric field to
the activated carbon that produces a positive polarization (anodic electroadsorption). This
treatment increases the adsorption capacity of the activated carbon significantly, achieving
a reduction of bromide of up to 220 pg L~! after 1 h of contact with water. The removal
percentage of bromide increases from 29% in the absence of voltage (adsorption) to 46% at
3 V (electroadsorption). When the process is carried out in two stages in which a previous
electrochemical oxidation to the adsorption stage is introduced, similar values of removal
of bromide are achieved. In this previous electrochemical oxidation stage, the oxidation
of bromide to Brp, which is easily adsorbed on the activated carbon, is produced, and the
total bromine content of the water is reduced by 59% in the two stages of the experiment,
with this value significantly increased from 46% in a single electroadsorption step at 3 V.
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Abstract: The backwash expansion rates and headloss evolution of single- and dual-media granular
filters of Filtralite® expanded aluminosilicate clay were compared with fine and coarser sand, as well
as anthracite. Filtralite is manufactured in Norway, Arnesvegen 1, N-2009 Nordby. Abbreviations
used for Filtralite is; N = Normal density, H = High density, C = Crushed. Each material had different
particle densities and grain size distributions. The scope of the investigation was narrow: a clean-bed
test was executed once for each parameter on single samples. As temperature affects the viscosity of
water, tests were carried out within two temperature ranges (13-17 °C and 21-26 °C), and the effect
on the fluidization of the materials was observed. The trial established that although the three types
of materials have different physical properties, the expansion behaviors generally correlate with the
grain sizes and particle densities of the media. To reach the expansion target of 15%, sand 1.2-2.0 mm
(particle density 2656 kg/m3) required a flow rate of 67 m/h, Filtralite HC 0.8-1.6 (1742 kg/m?) required
34 m/h, and anthracite 0.8-1.6 mm (1355 kg/m?) required 15 m/h. The headloss peaks that indicate
fluidization were found to correspond with the onset of expansion with increasing flow rate. This was
for the example observed by fluidization of 0.4-0.6 mm sand (particle density 2698 kg/m®) at 0.94 m/m,
fluidization of Filtralite HC 0.5-1 (1873 kg/m?’) at 0.46 m/m and anthracite 0.8-1.6 mm (1355 kg/m3 ) at
0.21 m/m. Tests of dual-media filters of two types of Filtralite, i.e., Mono Multi and Mono Multi Fine,
were also included. The backwash column used for the experiment consisted of extruded acrylic
pipes with digital pressure sensors, an electronic flowmeter, a stepless pump and a water cycling
system. A laminar water flow was provided by a mesh and a diffusor fixed above a single nozzle.
No air was used. The trial was comparative, and its purpose was to shed light on the required water
flow rates needed to fully expand different materials, and hence indicate requirements for performing
proper filter backwashes.

Keywords: expanded clay; Filtralite; Mono Multi; sand; anthracite; granular filter media; backwash;
headloss; clean-bed expansion; bed fluidization; water treatment

1. Introduction

Granular filtration is a traditional water treatment step, and sand and anthracite are classical
media, but alternative products are also used. For example, Filtralite, an expanded aluminosilicate
clay, has been in use worldwide for more than 30 years [1].

Filtralite is made by the high temperature treatment (~1200 °C) of certain raw clays, and this
results in strong and porous grains. This process allows control over physical properties, such as size
and density. The filters can be further tailored by the crushing and sieving of the expanded grains into
defined fractions. The crushing of the grains opens up the macroporous structure of the expanded clay,
affects the sphericity-factor, and exposes a specific surface area (SSA) of up to 23 m?/g [2].

Water 2020, 12, 2790; doi:10.3390/w 12102790 45 www.mdpi.com/journal/water
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The large specific surface of Filtralite available for biofilm growth makes it an ideal carrier in
biological treatment processes [3]. Testing of Filtralite NC 0.8-1.6 (through standard EN 1097-6,
Annex E) shows a porosity of 62%, which is higher than sand or anthracite and provides extra storage
capacity for suspended solids, which results in slower pressure build-ups during operations [4].
This trait makes Filtralite usable for direct filtration and coagulated water filtration processes [5].

When comparing filter run-times to reach terminal headloss, it has been found that expanded
clays of 1.2 mm size can operate 2.3 times longer than anthracite, while expanded clays of 1.0 mm
size or GAC (Granular Activated Carbon) can achieve 1.5 times longer filter run times than anthracite.
When considering headloss development, the use of expanded clays such as Filtralite can extend
overall filter runs two- to four-fold when compared with anthracite [6].

In relation to the durability of the materials, Phillip D. Davies analyzed results from different
attrition tests, demonstrating that Filtralite material presents a volume loss 4.25 times lower than sand,
3 times lower than limestone and 5.5 times lower than slate [7].

By using expanded clays, increased production stability and longer production cycles could
translate into potential savings in terms of lower energy and water requirements with respect to
filter operations [8]. For each treatment plant, the backwashing processes has to be understood
independently before applying a new filter. The data from clean-bed backwashing with novel materials
such as Filtralite should be available as performance indicators prior to full-scale testing. The objectives
of this trial were to show how grain size and particle densities can affect the expansion and headloss
regimes for clean-bed granular filter materials of sand, anthracite and expanded clay, as well as to
observe the effect on viscosity of temperature variations.

This study was initiated to provide research for operators that assesses the requirements for
proper backwashes to achieve correct filter cleaning, avoid filter media losses and optimize energy use.

2. Materials and Methods

2.1. Materials

A selection of Filtralite, sand and anthracite with various densities and grain sizes was made.
The characteristics are given in Table 1.

Table 1. The filter materials, their size ranges and density.

Filter Product Fraction ! (mm) Particle Density ? (kg/m®) Bulk Density 2, (kg/m®) Compressed
Filtralite Pure HC 0.5-1 0.4-1.0 1874 779
Filtralite Pure HC 0.8-1.6 0.8-1.6 1742 712
Filtralite Pure NC 0.8-1.6 0.8-1.6 1250 422
Filtralite Pure NC 1.5-2.5 1.5-25 1042 424
Filtralite Pure 50% NC 1.5-2.5 v/ n/a
Mono Multi 50% HC 0.8-1.6 4

Filtralite Pure 50% NC 0.8-1.6 n/a n/a
Mono Multi Fine 50% HC 0.5-1

Filter-sand 1 0.4-0.6 2698 1554
Filter-sand 2 1.2-2.0 2656 1508
Anthracite 0.8-1.63 1355 698

1 As stated by manufacturer [1], 2 single sample measured in lab, 3 7% undersized material.

For Filtralite, the particle densities range from 1050 kg/m3 to 1800 kg/m?, and Filtralite can
consequently be used in both single- and dual-media set-ups [9]. For sand and anthracite, the densities
vary, but are respectively around 2600 kg/m? and 1400 kg/m3. The typical effective sizes are for sand
0.3-0.7 mm and are for anthracite 0.7-1.7 mm [10]. This was the basis for the selection of sand grain
size, which were accordingly Radasand 0.4-0.6 mm and anthracite 0.8-1.6 mm. In order to compare
sand to Filtralite 1.5-2.5, the Rddasand 1.2-2 mm was chosen.

46



Water 2020, 12, 2790

Mono Multi and Mono Multi Fine are composed of 50-50 mixtures of normal and high-density
Filtralite that constitutes a dual-media filter that can be used as an alternative to anthracite-sand
dual-filters [11]. Alternatively, replacing anthracite, Filtralite can act in combination with sand in a
dual-media filter set-up [12].

Filtralite appears as brown-grey, crushed grains with a sharp geometry and an open, porous
internal structure. The anthracite was silvery grey, with a similar grain size distribution to that of the
Filtralite 0.8-1.6. “Radasand” is quartz filter-sand. Figure 1a—d show photos of selected materials.

(d)

Figure 1. (a) Filtralite Pure HC 0.5-1, (b) Filtralite Pure NC 1.5-2.5, (c) anthracite 0.8-1.6 mm, (d) sand
1.2-2.0 mm “Radasand”.

2.2. Methods

British Water test standard BW:P.18.93 First revision was the main guideline when carrying out
the bed expansion experiments [13]. Apparent particle densities were measured by standard EN
1097-6, Annex E. Effective size Djp was measured by standard EN 12905. As described and illustrated
in Figure 2, a transparent filter-column was constructed.

A bottom nozzle was covered with a mesh floor and a diffuser to prevent jetting. Outlets for
pressure sensors (manometers) were connected to the tubing. The bottom pressure sensor outlet was
placed just above the mesh, i.e., at the bottom of the filter media. The top measuring manometer
was above the material bed and remained above the fluidized material during the measurements.
The internal column diameter was 150 mm. Prior to the tests, all materials were submerged in water
for 2 weeks to be completely saturated. There were no floating grains.

Tap-water at two different temperatures was used for the tests; nominally room-temperature
water and cold, fresh tap water. Temperatures were registered by a thermocouple in the inlet water
chamber. Since the setup lacked precise temperature control, data were grouped in the following
ranges: (1) 13-17 °C and (2) 21-26 °C, see Tables 2 and 3. The filters were too loosely packed after
initial gravitational settling, so all samples were completely compacted by knocking on the column
until the material could not be further compacted. This was done to ensure consistent initial states,
and the procedure is explained in a test method for filter materials [14]. Filtralite compacts very readily
using this method. The depth of all filter materials in the compacted state was about 500 mm. Figure 3
below shows photos of the filter column.
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Figure 2. Principal illustration of the filter column and the placement of sensors for measuring the
water pressures for the headloss calculations.

Table 2. Sizes and densities compared with constant 15% expansion flow rate.

Filter-Product Particle Density Effective Size, 15% Expansion Flow 15% Expansion Flow
(kg/m®) Do Rate (m/h), 13-17 °C Rate (m/h), 21-26 °C

HC 0.5-1 1874 0.51 14 20

HC0.8-1.6 1742 091 34 41

NC 0.8-1.6 1250 0.81 22 25

NC 1.5-2.5 1042 141 38 42

Mono Multi n/a n/a 38 43

Mono Multi Fine n/a n/a 18 27

Filter-sand 0.4-0.6 2698 0.3 22 24

Filter-sand 1.2-2.0 2656 1.2 67 73

Anthracite 0.8-1.6 1355 0.82 15 17

! As stated by manufacturer, 2 7% undersized grains for anthracite.

Table 3. Size ranges and densities compared with filter headloss peaks.

. . . . Headloss (m/m) at Headloss (m/m) at
Filter-Product Partlile Dgnsﬁy Effecl]:n)ve Size, Fluidization/Peak, Fluidization/Peak,
(kg/m?) 10 13-17°C 21-26 °C

HC0.5-1 1874 051 0.46 0.44
HC0.8-1.6 1742 091 0.49 0.46
NC 0.8-1.6 1250 0.81 0.24 0.26
NC 1.5-2.5 1042 141 0.25 0.30
Mono Multi n/a n/a 0.40 0.39
Mono Multi Fine n/a n/a 0.42 0.48
Filter-sand 0.4-0.6 2698 0.3 0.94 1.00
Filter-sand 1.2-2.0 2656 12 0.98 0.95
Anthracite 0.8-1.6 1355 0.82 0.21 0.21

1 As stated by the manufacturer, 2 7% undersized grains for anthracite.

No sediments or coagulants were added, as the purpose was to investigate clean-bed expansion at
different temperatures. Air was not used. All tests were firstly carried out with increasing water flow,
starting at 0 m/h and ramping up with 5-15 m/h steps (dependent on media type) until the flow rate
needed to obtain an expanded bed depth of 1.5 times the initial height (Hc) was reached. After full
fluidization, the process was repeated, but with decreasing the rate until the surface of the materials
had ceased to move. Manometer levels (h; and hy) and bed height (H) were recorded for each flow rate.
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Figure 3. Photos of the filter column: (a) The sensor positions. During the tests, only the second sensor
from the bottom and the top sensor were used; (b) Filtralite at about 20% fluidization during backwash.

The headloss gradient value required was the difference between the levels of the digital
manometers divided by the initial (compacted) depth of the filter bed (Hc). In a basic form, headloss
can be expressed as meter headloss per meter bed depth (m/m). The headloss increased with the flow
rate up to the minimum fluidization flow rate (V ), where a maximum headloss (fluidization headloss
plate) was reached. Headloss gradient (m/m), m headloss per m bed depth:

(ha =)

o = m/m (1)

The expansion (%) of the filter bed is calculated as the percentage increase in depth over the
compacted depth (Hc):
(H-Hc)
H.
During backwash, friction forces act on the grains and expand the media. The state of fluidization
is reached when the friction drag or the pressure drop across the filter bed is just enough to support
the weight of the media [15].
Figure 4 shows a graphical illustration of the generalized expected results for headloss and

X 100% = %expansion @)

expansion as a function of water flow rate (m/h). The minimum fluidization rate and fluidization
headloss plate should be later recognized, as shown in this theoretical model [16].

Fluidisation I
head 1oss plate [T M — —— —

—

Head loss
—»

Expansion
«

Expansion

Head loss

Flow — \ Minimum

fluidisation
velocity

Figure 4. Illustration showing the expected theoretical expansion and headloss behavior for increasing
water flow. The evolution of headloss is dependent on the point of minimum water fluidization rate
and expansion.
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3. Results

The results are presented in Figures 5-13. The plots represent the volume expansion (%) of the relative
height difference. At 15-20% expansion, all media are in a fluidized state and scouring should be in

effect [17]. The expansion target was set to be 15%, and the corresponding flow rates were recorded along

with peak headlosses at partial fluidization. A 15% expansion is a typical target, as this rate usually signifies

the transition from partial to full fluidization. Sphericity effects were not considered.
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Figure 5. (a) Expansion vs. water flow rate for Filtralite HC 0.5-1; (b) headloss vs. water flow rate.
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Figure 6. (a) Expansion vs. water flow rate for Filtralite HC 0.8-1.6; (b) headloss vs. water flow rate.

Due to time limitations, only one test per batch of material was executed, and consequently
deviations could not be recorded, although tests were performed prior to the trial to establish consistent
repeatability. As recommended by standards [13,14], the measurements were done with increasing
flow and decreasing flow rate. For simplicity, decreasing flow plots were omitted, as they did not
significantly differ from the increasing flows plots.
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Figure 7. (a) Expansion vs. water flow rate for Filtralite NC 0.8-1.6; (b) headloss vs. water flow rate.
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Figure 8. (a) Expansion vs. water flow rate for Filtralite NC 1.5-2.5; (b) headloss vs. water flow rate.
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Expansion, Mono Multi Fine
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Figure 10. (a) Expansion vs. water flow rate for Filtralite Mono Multi Fine; 50% NC 0.8-1.6 and 50%

HC 0.5-1; (b) headloss vs. water flow rate.
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Figure 11. (a) Expansion vs. water flow rate for 0.4-0.6 mm filter-sand (Radasand); (b) headloss vs.

water flow rate.
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Figure 12. (a) Expansion vs. water flow rate for 1.2-2.0 mm filter-sand (Radasand); (b) headloss vs.

water flow rate.
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Figure 13. (a) Expansion vs. water flow rate for anthracite 0.8-1.6 mm; (b) headloss vs. water flow rate.
4. Discussion

Selected backwashing properties of common granular filter media were analyzed according to
standardized tests [13,14].

Firstly, the purpose of the experiments was to compare filter materials with different physical
properties, and secondly, to indicate the dependence of backwash expansion on water temperature.
Raw water may seasonally vary above and below 20 °C, hence temperature conditions are highly
relevant to treatment plants that need to adapt water production to viscosity.

The overall results suggest that both filter density and media size can be adjusted to suit backwash
regimes and operational limitations for a unique treatment train. Increasing grain size and porosity
will act towards maintaining hydraulic permeability, and the filters will resist high pressure drops
during backwashes, especially when compacted. Furthermore, the finer grained materials expand
more readily as a result of the induced pressure, i.e., headloss, acting on the grains during backwash.

Listed in Table 2 are the corresponding flow rates necessary for 15% expansion in the two
temperature ranges. Partial fluidization is sufficient to cause the rubbing of grains, whilst avoiding full
fluidization, as full fluidization provides negligible rubbing and may cause filter wash-out [17].

A key consideration is media particle grain size distribution and size range. Comparisons of
effective sizes and fluidization headlosses at different temperatures are summarized in Table 3.

In the dissertation of T. Saltnes (2002), a linear increase in headloss with an increasing flow rate
before fluidization, as well as a constant headloss pattern after bed expansion, are seen [4]. Saltnes
observed that the fluidization of anthracite-sand starts at about 12 m/h, and at about 28 m/h for the
Filtralite filter, a result that correlates fairly well with the current study.

For further reference, Table 4 provides a list of backwashing requirements from an extensive case
study on granular filtration media, with regards to biological aerated filters (BAF) [18].

Table 4. Summary of biologically active filter (BAF) backwashing requirements.

Backwash Rate (m/h)  Air Scour Rate (m/h)  Total Duration (min)

Upflow, sunken media

Normal BW 20 97 50
Energetic BW 30 97 25
Downflow, sunken media 15 90 20-50

The final backwashing requirements and duration are often developed via cooperation between
designer and user. For example, the backwash sequence for an upflow sunken media BAF can include
drain down, air scour, air and water scour (and may also include cycling between air only and air/water
scour), water-only rinse, and a filter-to-waste step when the filter bed is placed back in operation,
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and the whole process is adjusted during long-term operation [18]. It follows that backwash rates are
highly dependent on the configuration of a treatment train and the filter-bed hardware, and must
be considered when assessing plant-specific data on the performance of a new material or a specific
filtering process for a full-scale pilot test.

Possible continuations of this study could be abrasion, settling rates, turbidity performance
and filter run-times for ripening and breakthrough, as well theoretical calculations for examining
further dependencies.

5. Conclusions

It was established that differences in fluidization rates could be attributed to density and grain
sizes, as also seen in earlier research [7].

For the two established temperature ranges (13-17 °C and 21-26 °C), the temperature dependency
of water viscosity could be observed, as all expansion rates were higher at the lower temperatures.

A clear temperature dependency of headloss at the fluidization plate was not demonstrated, as
the fluidization headlosses were not consistently suppressed at higher temperatures, and vice a versa.

To illustrate the dependencies, the following conclusions refer to the temperature range 13-17 °C.

The corresponding flow rates for achieving the expansion target (15%) increased with particle
density. This was seen when comparing sand 1.2-2.0 mm (2656 kg/m3) with a 67 m/h flow rate,
HC 0.8-1.6 (1742 kg/m3) with a 34 m/h flow rate, and anthracite 0.8-1.6 mm (1355 kg/m3) with a 15 m/h
flow rate.

Anthracite 0.8-1.6 had lower headloss and expansion rate (respectively, 15 m/h and 0.21 m/m vs.
22 m/h and 0.24 m/m for the slightly lower particle density of 1250 kg/m® for NC 0.8-1.6). This conflicts
with the hypothesis, and the effect may be due to the high amount of undersized grains (7%) in the
anthracite, over-packing in the column, or an unaccounted-for characteristic of anthracite.

Sand 1.2-2 (2656 kg/m3), with its higher particle density compared with the less dense NC
1.5-2.5 (1042 kg/m?), required a higher flow rate to achieve the expansion target—respectively 67 m/h
and 38 m/h. This supports the conclusion that increasing particle density requires increasing the
corresponding flow rate to reach the expansion target.

The fine sand 0.4-0.6 had an early expansion at 22 m/h, but at the cost of high headloss (0.94 m/m)
due to its narrow grain size distribution. As HC 0.5-1 (1874 kg/m®) and sand 0.4-0.6 (2698 kg/m?) both
have comparatively early expansion regimes, respectively 14 m/h and 22 m/h. Between the materials,
the main difference was the headloss plate, as the sands 0.4-0.6 vs. HC 0.5-1 differed in performance
by 0.46 m/m and 0.94 m/m, respectively. Thus, it can be concluded that lower fluidization headlosses
can be attributed to particle density as well [19].

The expansion regimes of the Filtralite dual-layer combinations Mono Multi and Mono
Multi Fine performed as expected when intermediately compared with their single-layer
components—respectively 38 m/h and 18 m/h—and presumably operated with the added benefit of
increased solids capacity [20].
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Abstract: Wastewater reuse presents a promising way to mitigate the risk to global water resources
and achieve sustainability in water, especially in agricultural areas in the southeast of Spain, such as the
Murcia region. However, the risks related to the presence of contaminants of emerging concern (CECs)
or pathogenic microorganisms in wastewater treatment plant (WWTP) effluent suggest the need
to implement effective and relatively low-cost tertiary treatments. With this aim, a self-sustainable
pilot prototype based on three combined modules (disc-filtration, granular activated carbon (GAC)
bed adsorption and UV disinfection) assisted by solar panels was installed as an alternative tertiary
treatment in a conventional WWTP in the Murcia region. The obtained results clearly confirmed the
efficiency of the proposed prototype for CECs removal, and showed optimal results at a workflow of
500 L/h. In all cases, high removal efficiency was obtained for the different indicator microorganisms
described in the recently published Regulation (EU) 2020/741 (E. coli, F-specific coliphages, somatic
coliphages, total coliphages, and Clostridium perfringens). The protection of the activated carbon
by disc-filters and the energy autonomy and self-operation of the prototype resulted in an efficient
and economically viable methodology for its implementation in both conventional WWTPs and in
isolated areas attached to crops.

Keywords: granular activated carbon; adsorption; autonomous prototype; emerging contaminants;
filtration; reclaimed water; safe agricultural reuse

1. Introduction

Nowadays, the use of reclaimed water is seen as an excellent approach to deal with water scarcity.
Indeed, water reuse is an important feature of water policies in most countries around the world, for
example, it is included in WHO guidelines [1], and it is seen as a fundamental aspect of the concept
of a circular economy [2]. In the European Union, one billion cubic meters of urban wastewater
are reused annually (approximately 2.4% of treated effluents). However, this value is expected to
increase by up to six times due to the development of numerous initiatives regarding water reuse
for irrigation, industrial uses or aquifer recharge [3]. This practice not only promotes the efficient
use of water, but also leads to prosperity from an environmental, human and economic point of
view, and promotes management strategies for the safe discharge of wastewater into the environment
and protection of surface and groundwater [4]. Possible reuse applications include agricultural or
landscape irrigation, groundwater recharge, industrial activities, street cleaning or ecological uses [5,6].
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In particular, in semi-arid areas of the Mediterranean basin, where agriculture is the highest consumer
of water (approximately 68% in Spain, 50% in Italy and 80% in Greece), the use of reclaimed water for
agricultural purposes is essential [7-9]. Water reuse also has important economic and environmental
benefits, such as the possibility of nutrient recovery or reduction in fertilizer use [10,11]. However,
the use of reclaimed water in agriculture requires quality control to guarantee satisfactory sanitary
conditions. Therefore, one of the current goals is the development and improvement of technologies
that enable the adequate treatment of wastewater [12] and to achieve the discharge limits established
for agricultural uses according to the current and future legislation. Specifically, at the European
level, the recently published Regulation (EU) 2020/741 of the European Parliament and of the Council
of 25 May 2020 (https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AQ0]J.L_.2020.177.01.
0032.01.ENG&toc=0]%3AL%3A2020%3A177%3ATOC) on minimum requirements for water reuse
establishes the minimum quality requirements to use reclaimed water for agricultural purposes,
to ensure a high level of protection of the environment and human and animal health, and to promote
the circular economy [13]. The Commission estimates that new regulations could increase water reuse
in agricultural irrigation from 1.7 billion m? to 6.6 billion m? per year, thereby reducing water stress
by 5% (EU, 2018 estimations) [14]. However, special attention has recently been given to so-called
“contaminants of emerging concern” (CECs), which are mostly unregulated compounds that may be
candidates for future regulation, depending on research on their potential effects on health and data
that monitors their occurrence. The list of CECs includes a wide variety of products for daily use in both
industrial and domestic applications, such as pharmaceuticals and personal care products (PPCPs),
hormones, surfactants, endocrine disruptors, antiseptics, pesticides and synthetic fragrances [15,16].

One of the main sources of water for potential agricultural reuse comes from municipal wastewater
treatment plants (WWTPs). However, conventional secondary (usually activated sludge processes) and
tertiary (media filtration and disinfection) wastewater treatments are not effective in the removal of
CECs [17-19]. Several authors have studied the removal efficiencies of different CECs in conventional
WWTP using activated sludge. Behera et al. reported low removal values for carbamazepine (23.1%),
atenolol (64.5%), metoprolol (23%), sulfamethazine (13.1%) and sulfamethoxazole (51.9 %) [20], while
Radjenovic et al. reported low removal values for compounds such as diclofenac (50.1%), indomethacin
(23.4%), mefenamic acid (29.4%), ofloxacin (23.8%) and erythromycin (23.8%) [21]. The presence of
CECs in WWTPs effluent due to low removal efficiencies is of particular relevance in agricultural
reuse because of the possibility of CECs uptake and accumulation in food crops and consequent
diffusion into the food chain. Although some CECs are already among the priority research lines
of the main organizations dedicated to the protection of public and environmental health, such as
WHO and environmental protection agencies such as the Environmental Protection Agency (EPA),
no legal discharge limits are described in the current legislation. However, due to the growing interest
in these substances, some of them, such as diclofenac and erythromycin are included in the European
Union Watch List (Directive, 2013/39/EU, modified by Decision 2015/495/EU of 20 March 2015 and
updated in Decision 2018/840/EU of 5 June 2018) and discharge limits will probably be included in
future regulations [22-24].

With that in mind, the implementation of tertiary treatments in real WWTPs specifically designed
for CECs removal will be crucial to efficiently obtain safe, high-quality reclaimed water. This will
increase the trust of farmers and the final consumers of the products and simplify the proper
management of the water. However, the problems that these compounds may generate in the short or
long term, the lack of specific legislation obliging WWTPs to use such treatments, along with other
economic problems (investment costs, maintenance, energy consumption, the need for high-complexity
analytics) make it difficult to implement the appropriate treatments in WWTPs. Other factors that may
limit the implementation of specific technologies in WWTPs include the great diversity of existing
CECs, and the different physico-chemical properties that they have.

Recent studies have focused on several treatment processes applied for the removal of CECs such
as advanced biological processes (membrane bioreactors and bio-electrochemical systems) [25,26],
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and advanced oxidation processes (AOPs) [27,28]. The main limitations of these types of technologies
are their high operating costs, specific infrastructures and high energy consumption. Other alternatives
such as activated carbon adsorption and ozonation are considered as economically feasible options
that can be coupled to WWPTs [29], however, the use of ozone may be associated with the generation
of by-products, which can be hazardous to health if the water is used for agricultural purposes.

In this context, the adsorption of CECs by granular activated carbon (GAC) is a promising
technology due to its removal efficiency at relatively low cost [30]. In general, and due to its properties
(such as its high porosity, high surface area and high degree of surface interactions), activated carbon
has a high adsorption capacity for a wide spectrum of CECs [31,32]. In addition, this process has the
advantage of not generating secondary by-products [32,33]. Although the effectiveness of adsorption
processes in CECs removal is well-known, the introduction of tertiary treatments in conventional
WWTPs for the purpose of safe water for agricultural reuse is poorly implemented. This is mainly
due to a lack of knowledge about adsorption mechanisms, the great diversity of CECs present in
wastewater, the large amount of wastewater interference, and lack of knowledge about the design of
systems capable of removing CECs that guarantee the production of CEC-free effluent at relatively
low costs.

The aim of this work was the integration of a self-sustainable pilot plant prototype in a conventional
WWTP for the purpose of safe agricultural reuse. The design focused on the removal of CECs and
microbiological risks by using a combined Filtration-GAC-UV system, in line with current and future
legislation. The use of water from a real WWTP together with data on the efficiency and associated
economic costs will give us a practical view of the implementation of such systems.

2. Materials and Methods

2.1. Wastewater Samples

The water source used in the experiments for this study was a WWTP located in the Murcia region
(Spain), (latitude 37°47°48” N, longitude 0°57’36” W). This plant receives domestic and industrial
effluent from three municipalities (Roldan, Lo Ferro and Balsicas) and has a maximum treatment
capacity of 2,007,500 m3/year of wastewater.

This WWTP consists of a secondary treatment based on active sludge with extended aeration and
secondary sedimentation. It also uses a tertiary treatment based on coagulation-flocculation, rapid
sand filter and disinfection using ultraviolet (UV) radiation. Treated wastewater is commonly used for
agricultural irrigation in the Campo de Cartagena area.

2.2. Chemicals and Reagents

Seven CECs that have been detected worldwide in WWTP influents and effluents (Tran et al., 2018)
were selected for the study: (acetaminophen (ACT), carbamazepine (CBZ), diclofenac (DCF),
erythromycin (ERY), ketoprofen (KTP), naproxen (NPX) and sulfamethoxazole (SMX)) [16].
Sigma-Aldrich (Steinheim, Germany) analytical standards of these compounds at high purity grade
(>99%) were used. The physico-chemical properties and chemical structure of these CECs are given
in Table 1.

59



Water 2020, 12, 2240

Table 1. Physico-chemical properties and chemical structure of selected contaminants of emerging

concern (CECs).
Compound Structure Mw (g/mol) Water Solubility Log Kow pKa
(mg/L)
Acetaminophen ’ I
(ACT) 151.17 14,000 (at 25 °C) 0.46 9.38
NSAIDs !
on
Carbamazepine O
(CBZ) . O 236.27 18 (at 25 °C) 245 139
Anticonvulsant /<
o s
og_on
Diclofenac ij@
(DCE) . 296.15 2.37 (at 25 °C) 4.51 4.15
NSAIDs !
Erytromycin
(ERY) 733.94 4.2 (at25°C) 3.06 8.88
Antibiotic
[o2
Ketoprofen
(KTP) O 254.29 51 (at22°C) 3.12 4.45
NSAIDs !
HO’ o
o.
Naproxen f ™~
(NPX) . 230.26 15.9 (at 25 °C) 3.18 4.15
NSAIDs ! !
" ~ g
Sulfamethoxazole O:L:O
(SMX) 253.27 610 (at 37 °C) 0.89 1.6/5.7
Antibiotic

NH,

1 NSAIDs: Nonsteroidal anti-inflammatory drugs.
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A commercial coconut shell-based GAC with high density value (520 + 30 kg/m?) was used
as adsorbent in accordance with Benstoem et al. [34]. In that paper, the authors described a high
correlation between the high density of GAC sorbents and their capacity to adsorb CECs.

The selected GAC was activated thermally with steam and supplied by Chiemivall (Castellbisbal,
Barcelona, Spain). The main properties are described in Table S1, Supplementary Materials.

2.3. Analytical Determinations

Wastewater samples were characterized in terms of pH, turbidity, electrical conductivity (EC),
dissolved organic carbon (DOC), total suspended solids (TSS), five-day biochemical oxygen demand
(BOD5), and some ions (for conditions, see Appendix A).

The microbiological analysis of the CECs (ACT, CBZ, DCF, ERY, KTP, NPX and SMX) (Clostridium
perfringens spores, Escherichia Coli and total coliphages (somatic and F-specific)) was done by an external
ISO 17025 certified laboratory (IPROMA S.L.) located in Castellén, Spain. For CECs, SPE extraction
followed by HPLC-MS (High-performance liquid chromatography — mass spectrometry) was used.
Clostridium perfringens spores and Escherichia Coli were determined by plate count while coliphages
(total, somatic and F-specific) were determined using the double agar layer method (ENAC n°® 109/1e285
accreditation, https://www.enac.es/documents/7020/ac514131-7717-42cc-b026-0b8de53c78el.

2.4. Preliminary Lab-Scale Experiments

The adsorption capacity of the selected GAC was studied at lab scale using a methacrylate column
of 550 mm length and 19 mm internal diameter containing 21.5 g of GAC. The experiments were carried
out using secondary WWTP effluents fortified with 200 pg/L of each CEC. The mixture was added to a
plastic tank and pumped into the column by a peristaltic pump (P-Selecta, Percom-I model, (J.P. Selecta,
Abrera, Barcelona, Spain) Operational parameters (Table 2) were selected according to previous results
described in the literature [35], which were also compatible with the dimensions established for the
design of the experimental prototype.

Table 2. Operational parameters of the adsorption lab-scale preliminary experiments.

Parameter Units
GAC bed height 20 cm
Empty bed contact time 39.38 s
Filtration area of GAC 2.8 cm?
Flow rate 5.18 L/h
Filtration velocity 18.28 m/h
Volume of water 1451
needed

Effluent was collected from the lab-system at different time intervals until the concentration
remained constant over time. The amount of adsorbed CEC was calculated as follows [36,37]:
(Co - C‘) xV
ge = ——— )

m

where C is the initial CEC concentration (ug/L), C; is the CEC concentration in treated wastewater
(ug/L), V is the volume of treated wastewater (L) and m is the mass of GAC (g). All adsorption
experiments were performed at least twice and the results are reported as an average.

2.5. Plant Prototype Design

The prototype (Figure 1) was designed, manufactured and installed by AZUD in the CEBAS-CSIC’s
Research Platform inside the Roldan-Lo Ferro-Balsicas WWTP, and it was directly connected to effluent
from the secondary treatment.
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Figure 1. Prototype design.

The maximum workflow of the prototype is 1200 L/h although hydraulically it is capable of
working with lower flows (minimum 500 L/h). The water treatment includes three steps:

1 The first step is based on disc filters AZUD HELIX AUTOMATIC®.

The objective of the first step is to filter the water out of the secondary settling tanks in order to
allow the next step of the treatment (GAC) to work specifically on the adsorption of the CECs without
any interference due to suspended particles that might reduce the adsorption performance.

Disc filters were selected to achieve this because this allows for a deep filtration that eliminates all
particles larger than the degree of filtration and a high percentage of smaller ones, regardless of the
geometry or nature of the particles. This is also an effective way of protecting the rear media filter.
The disc filter module has a specific design that combines three independent stages working in series
with several selected particle retention capacities (50, 20 and 5 um). This experimental module includes
an automatic backwash system that combines water and compressed air, which allow for the disc
recovery. The air-assisted backwash system (AA) works with low pressure (even during the backwash
process), thus reducing the hydraulic interaction in the prototype during cleaning and optimizing the
water and energy consumption as well as obtaining total recovery of the discs. The backwashing times
was 30 s for each stage.

2 The second step is based on the adsorption process using a high-quality coconut
shell-based GAC.

A total of 112 kg of CG900 (Chiemivall, Castellbisbal, Barcelona, Spain), (see Table S1,
Supplementary Materials) was placed in a bed column made of polyester reinforced with fiberglass of
1945 mm high with an auto-control valve. Weekly cleaning of the module was scheduled to ensure
maximum repetitiveness of the analytical results.

3 The third step is based on a system for disinfection with UV radiation. This step was designed
for disinfection purposes and consists of a conventional A = 245 nm UV lamp with 200-400 W that was
self-assembled in the prototype.
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The prototype is totally autonomous due to the automation of all processes. Five solar panels
(270POL, Sunconnection WorldWide 2016®, Murcia, Spain) were installed outside to provide the
required electric energy (Figure 2a). The panels supply a total of 1650 W, while the prototype consumes
energy in a range between 840 W and 1600 W depending on the selected configuration (For more
details, see Table S2). Solar panels were connected to the electric feed of the system through a set of
batteries (Figure 2b) for the continuous operation of the system even when the solar radiation is low or
during the hours without sun.

() (b)

{ gasnpy

L4 T4 TS

Foo/es/85 8383 1

Figure 2. (a) Solar panels (the lined ones in the lower part of the picture); (b) Set of batteries.

3. Results and Discussion

3.1. Characterization of WWTP Effluent

Samples from the secondary effluent from the WWTP were characterized between March and
June 2019 in order to assess the variability in real effluents. Table 3 shows the average, minimum and
maximum values of the different physico-chemical parameters analyzed. In general, low standard
deviations were obtained for almost all parameters analyzed, indicating effluent stability. The greatest
variations in standard deviation were found in the analysis of CI~ and SO4?~, which coincided with
samples taken from point of entry to the WWTP.

Table 3. Characteristics of secondary wastewater treatment plant effluents (1 = 20).

Parameters Minimum Maximum Average SD
pH 7.19 7.73 743 0.15
Turbidity (NTU) 0.95 7.79 2.66 1.60
Electrical Conductivity (EC, dS/m) 1.11 1.80 1.57 0.15
5-day Biochemical Oxygen Demand (BODs, mg/L) 3.00 12.00 6.25 4.03
Total Nitrogen (mg/L) 6.55 11.74 9.42 1.82
Dissolved organic carbon (mg/L) 9.76 13.90 11.67 1.39
Total Solids (TSS, mg/L) 3.00 10.00 5.50 2.00
Transmittance (%) 48.80 64.70 53.69 4.58
F~ (mg/L) <0.02 0.14 0.18 0.03
CI™ (mg/L) 141.72 301.02 243.57 47.13
NO,~ (mg/L) <0.10 1.44 1.38 0.08
Br~ (mg/L) 0.26 0.51 0.38 0.08
NO;~ (mg/L) 2.45 19.74 9.93 5.74
PO43~ (mg/L) 5.96 14.67 9.08 291
SO,4% (mg/L) 136.00 231.03 200.82 3091
SAR 2.83 5.59 4.90 1.01

3.2. Adsorption Capacity of Selected GAC

Before the commissioning of the prototype, the GAC maximum adsorption capacity was
determined at lab-scale. The results (reported as the average concentration of all selected CECs)
showed that after 120 L of wastewater was treated, the concentration remains constant, so, with
regard to Equation (1), the maximum adsorption capacity was determined as 0.8 mg CECs/g GAC.
Therefore, a maximum adsorption of 89.6 g of CECs can be expected in the GAC bed column of the
self-sustainable prototype.
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3.3. Prototype Evaluation and Optimization

3.3.1. Disc-Filter Module

To evaluate the operation and efficiency of the disc-filter module, the pressure differential
was continuously monitored, since this parameter allows evaluation of the degree of filter fouling.
A conservative maximum pressure value for each of the selected filters (50, 20 and 5 um) was set at
0.6 bars. When this value was reached, the automatic backwashing process was activated. The results
(Figure 3) showed that of the total volume of prototype influent, only 0.23% was used for cleaning
the filters, while 8.9% was destined to a second module cleaning (GAC bed column), and the water

obtained was 90.87% of the total volume.

Percentage (%)

I Produced water

XY GAC bed column cleaning

[ Disc filter cleaning
Figure 3. Percentages of produced water, granular activated carbon (GAC) bed column cleaning and

disc filter cleaning from total treated volume.

Our results are in accord with Ravina et al. [38], who suggested that by using disc filters, the volume
of the backwash water was generally less than 0.5% of the total volume passing though the filter.
However, considering that this low percentage corresponds to the cleaning of the filter with the smallest
particle size (5 um), the number of backwashes with respect to the accumulated treated volume was
studied in order to evaluate the long-term efficiencies of the module (Figure 4). A total volume of
1000 m® of real secondary WWTP effluents was passed through the filtering module. The variability in
the frequency of cleaning is mainly due to the TSS that can enter the filters from secondary WWTP
effluents according to Duran-Ros et al. [39], however, in almost all cases, values under 20 were obtained.
The trend followed a virtually horizontal line, indicating that the incidence of cleaning remained
constant over time, which suggests that the system is able to recover its initial state. In general, system
fouling is related to the cleaning frequency, so that if the cleaning frequency increases, the filtering
capacity decreases, until the filter clogs. For a detailed investigation of disc filter fouling, it would be
necessary to do a study with much larger volumes or to work with effluents containing higher TSS
values (as shown in Table 3, the selected effluents have low TSS values).
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Figure 4. Number of automatic backwashes performed with respect to the treated volume.
3.3.2. GAC Bed Column Module
e Flow rate effects on CECs removal efficiency

In general, the retention time of CECs in the bed column is one of the most important factors
affecting the efficiency of adsorption, due to its influence on both the adsorbate and adsorbent.
The variation in empty bed contact time (EBCT) in the GAC bed column was studied through the
variation in the workflow rate. The maximum and minimum prototype workflow (1200 and 500 L/h),
and three intermediate points (1000, 800, and 600 L/h) were studied. The values of the EBCT that
corresponded with these points are detailed in Table 4. All experiments were performed by introducing
real secondary WWTP effluents into a 5000 L mixing tank where additional quantities of each CECs
(200 pg/L) were added. In order to obtain representative results, experiments were performed during
several months (September and November 2019 and February 2020) and all analytical samples were
analyzed in duplicate. The overall results are shown in Table 4.

Table 4. CECs, dissolved organic carbon (DOC), turbidity and transmittance values obtained at different
workflows (1 = 6).

Workflow . Total CECs DOC Turbidit Transmittance
(L/h) EBCT (min)  HLR * (m/h) Removal (%) Removal (%) Removal (?’;)) Increase (%)
1200 11 5.3 525+2.2 223+21 16.1 +£2.0 155+ 39
1000 14 4.4 534 +4.3 238 +3.0 18.0£3.1 16.0 £ 4.6
800 17 35 546+1.6 243+28 19.0 + 29 18.0 + 3.8
600 23 2.6 62.3 +49 25.6 +3.1 21.0 +4.1 21.5+42
500 27 22 746 £ 6.1 272 +4.0 275+3.8 235+5.6

* HLR: Hydraulic loading rate.

In all experiments, pH values remained constant at neutral pH (7.1-7.9). The selected CECs were
moderately to effectively removed over the entire course of the experiments, with mean (+standard
deviation) removals ranging from 52.5% + 2.2% to 74.6% + 6.1%. Results showed that CECs removal
increased with the EBCT values, indicating that lower flow rates are most effective for CECs adsorption
compared with higher flow rates. The same tendency occurred with DOC and turbidity removals, while
an increase of % transmittance was detected. According to Rahman et al., this is due to two phenomena:
(i) lower workflow rates imply higher residence time in the bed column, and (ii) compounds or
ions present in wastewaters have more time to diffuse into the pores of GAC through intra-particle
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diffusion [40]. Therefore, in order to obtain high-quality effluents for agricultural uses, a workflow of
500 L/h (EBCT 27 min) showed the best adsorption efficiencies. Under these conditions, the ability to
remove individual CECs was evaluated.

The results (Figure 5) showed that the adsorption capacity for individual CECs followed the
following trend: ACT > CBZ > NPX > KTP > DCF > ERY > SMX. The best adsorption results
(95.77 + 4.3%) were obtained for ACT mainly due to its low molecular weight compared to the rest of
the CECs and its aromatic structure (see Table 1). In general, adsorption capacity is strongly related
to the physical-chemical properties of CECs. Those with smaller molecular weights and aromatic
compounds are more susceptible to adsorption in GAC systems, while higher molecular weight or low
aromatic compounds are poorly adsorbed by GAC [41,42].

1.0 —m—ACT
1 —=—CBzZ
0.9-_ DCF
0.8 —u—ERY
1 —n—KTP
0.7 —u—NPX
o 06] —m— SMX
2 4
o 054
0.4
0.3 1
0.2
0.1
0.0 L
Prototype influent Prototype effluent

Figure 5. Adsorption efficiencies of selected CECs in workflow of 500 L/h.

Specifically, ERY has a significantly higher molecular weight than the rest (733.94 g/mol).
Furthermore, it is not aromatic, which has proven to be a disadvantageous adsorption characteristic,
and it showed lower adsorption values in comparison with the other compounds (61.81% =+ 8.61%).

The behavior of SMX is unusual compared to the above—it showed the lowest adsorption capacity
(52.24% =+ 5.15%). This may be related to its reactivity in aqueous solution, which results in two
dissociation constants [43]. Because of this, SMX may be present in solutions in anionic form. Anionic
species have a low tendency to adsorption by GAC, and may also be displaced by other adsorbates
according to Yang et al. [44]. The low adsorption efficiency of SMX in GAC systems has been reported
by several authors. For example, Motwani et al. reported that only 27.27% of SMX was removed using
GAC with a particle size of 2.0-5.0 mm, while none or little adsorption were described by Telgmann et
al. using different GAC sorbents (8 x 30 mesh, 4 X 8 mesh and 8 x 14 mesh of particle size) [45,46].

e Inlet CECs concentration effects

Similar to previous studies, the effects of inlet CECs concentration were studied using real
secondary WWTP effluents. Additional quantities of each CEC (at two different concentrations that
differ by almost an order of magnitude, 200 and 50 ug/L) were introduced in a 5000 L mixing tank, and
spiked effluents were passed through the GAC bed column at a workflow of 500 L/h. All analytical
samples were analyzed in triplicate and the results are reported in Figure 6.
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Figure 6. CECs removal percentages at two inlet concentrations (200 and 50 pg/L).

With regard to the high variability of real WWTP secondary effluents, no significant effects were
found between two studied CECs concentrations, except for ERY, which increased from 37.29 + 8.76%
to 54.55 + 12.86% with concentrations of 50 and 200 ug/L, respectively. This can be explained by
considering that at high initial concentrations, the ratio of ERY molecules to adsorbent GAC active
sites is high, therefore, the probability of the interaction of molecules increases. Similar effects of
inlet concentration are common in GAC systems and these have been included in several studies.
Sotelo et al. [47] reported an increase in the percentage of caffeine (from 77.71% to 91.74%) and
diclofenac (from 58.75% to 71.54%) adsorption when the initial concentration of these compounds
increased from 3 to 7 mg/L, while Ang et al. [48] reported an increase in sevoflurane (an anesthetic)
adsorption (from 536 + 5 mg/g to 604 + 9 mg/g and from 329 + 5 to 368 + 5 mg/g) when two different
GACs (E-GAC and H-GAC, respectively) were used at inlet concentrations from 55.9 and 527.9 mg/L.

3.3.3. UV-Module Efficiency

Removal of pathogenic microorganisms is essential to guarantee the high quality of prototype
effluents. Therefore, the efficiency of the selected UV-lamp was evaluated by monitoring different
indicator microorganisms as described in the recently published Regulation (EU) 2020/741 of the
European Parliament and of the Council of 25 May 2020 on minimum requirements for water reuse
(E. coli for pathogenic bacteria, F-specific coliphages, somatic coliphages and total coliphages for
pathogenic viruses, and Clostridium perfringens spores for protozoa) [13]. The monitoring of these
indicators in influent and effluent prototype samples was carried out for a period of one year (March
2019-March 2020) and the values are shown in Table 5. The maximum and minimum prototype
workflow (1200 and 500 L/h) was also evaluated.

Table 5. Monitoring of microbiological indicators in the prototype at two workflows (500 and 1200 L/h)
during a period of one year (1 = 40).

. Prototype Influent Values % Removal
Indicator
Minimum Maximum Mean Flow 500 L/h  Flow 1200 L/h
Clostridium perfringens spores (CFU/100 mL) 310 16,000 3000 100 99.9
Escherichia coli (CFU/100 mL) 770 35,000 9484 100 99.9
Total Coliphages (MPN/100 mL) 2 220 47 100 100
Somatic Coliphages (MPN/100 mL) <1 210 45 100 100
F-Specific Coliphages (MPN/100 mL) <1 8 3 100 100
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Clostridium perfringens spores and Escherichia coli were detected in all prototype influent
samples with average values of 3000 and 9484 CFU/100 mL, respectively, while lower values
were detected for Coliphages (the average values for total, somatic and F-Specific were 47, 45 and
3 MPN/100 mL, respectively).

At a workflow of 500 L/h, all microbiological parameters were removed, while an average 0.1%
decrease in Clostridium perfringens spores and Escherichia coli was detected for workflows of 1200 L/h.
Despite this small loss of efficiency, high-quality effluents were obtained in all cases according to (EU)
2020/741 regulations [13], and they also complied with the most restrictive crop category values (Class
A: All food crops consumed raw where the edible part is in direct contact with reclaimed water and
root crops consumed raw).

Therefore, and independently of the workflow, high-quality effluents for reuse purposes were
obtained, which minimized the microbiological risk of ingesting any type of crop irrigated with
reclaimed waters.

3.3.4. Continuous Operation of the Prototype

Considering the previous results for CECs and microbiological indicators removal, the workflow
was adjusted to 500 L/h and the continuous operational work mode was evaluated. The work time was
set for 8 h of work per day and weekly samples were evaluated for several months (March 2019-2020).
At each sampling, both the influents (samples from the secondary treatment of the WWTP) and the
prototype effluents were analyzed.

Analysis of the CECs in the prototype influent showed low concentration values for the selected
compounds, with a minimum and maximum of 0.4 pg/L (DCF) and 3.20 pg/L (KTP), while ACT and ERY
were not found in any analyzed sample with values below the analytical limits (limit of quantitation
(LOQ)) marked by the reference laboratory that analyzed the samples (Table 6). The physico-chemical
and microbiological analysis of prototype influents showed values within the ranges in all cases as
previously described in Tables 1 and 5.

Table 6. CECs concentration in the prototype influent.

Prototype Influent Concentration (ug/L)

CECs LOQ (ug/L)
Minimum Maximum

ACT 0.4 <LOQ <LOQ
CBZ 0.2 <LOQ 0.53
DCF 0.2 0.40 1.30
ERY 0.2 <LOQ <LOQ
KTP 0.2 <LOQ 3.20
NPX 0.4 <LOQ 0.60
SMX 0.2 <LOQ 0.40

Prototype effluent samples showed average values for turbidity removal (28.58% =+ 5.15%) and
transmittance increase (20.66% + 2.30%) similar to those obtained in previously reported values for the
GAC module (Table 4), so, the variation in these parameters is directly related to the GAC efficiency.
On the other hand, an average removal of 43.36% + 12.14% of DOC was found in the prototype
effluent. This is partly due to the efficiency of organic matter disposal in the GAC step (approximately
27.2% + 4.0%), and the rest is due to its retention in the first stage (disc filters).

In all cases, the values obtained in prototype effluents for turbidity, TSS and BOD5 were lower than
the most restrictive values reported in the recently published (EU) 2020/741 Regulation on minimum
requirements for water reuse (turbidity < 5 NTU, TS < 10 mg/L and BODs < 5 mg/L), while EC
and SAR were lower than 3 dS/m and 6, respectively, which is in accord with Spanish regulations
(Royal Decree 1620/2007, https://www.boe.es/buscar/doc.php?id=BOE-A-2007-21092) [49]. In addition,
microbiological indicators showed the total removal of selected parameters (according to Table 5),
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while values below the analytical limits set (Table 6) for the selected CECs were found in all cases,
indicating high-quality agronomic effluents, suitable for safe, agricultural reuse purposes.

After the good results obtained, and taking into account the low concentrations of CECs found
in the prototype influent and its stability, as shown in Table 1, an additional study using WWTP
secondary effluents was carried out to evaluate the binomial high quality vs. volume of produced
water, with a flow rate of 1200 L/h (maximum prototype workflow). The results were similar to those
obtained for a 500 L/h workflow and showed high efficiency in terms of CECs removal with lower LOQ
values in all cases, while the physico-chemical and microbiological indicators were below the standard
limits indicated above. These results indicate that higher workflows could be used with medium-high
quality water, while in water with a high concentration of CECs such as industrial wastewaters (which
may also contain high values of turbidity or organic matter) it is necessary to work at low flows to
ensure the high agronomic quality of the effluent. Thus, previous characterization of WWTP effluents
is necessary.

Although high quality effluents were obtained in both minimum and maximum workflows
(500 and 1200 L/h) in this particular case, after treatment of 715.33 m? of wastewater, traces of CECs
were found in prototype effluents (1200 L/h workflow). In particular, between 0.5 ug/L to 1 ug/L of
CBZ, DCF, KTP, and SMX were detected, suggesting the saturation of the GAC column.

For a more detailed study, the decrease in adsorption efficiency at different treated wastewater
volumes was evaluated (Figure 7). In accord with the lower CECs concentration in real WWPT effluents,
a few control experiments were programmed using real WWTP effluents containing selected CECs
(200 ug/L of each). Different volumes of treated wastewater (330, 440 and 715 m?) were evaluated until
the detected CECs point described above. The 500 and 1200 L/h workflows were compared (Figure 7).

100+
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Figure 7. Decrease in adsorption efficiency at different treated wastewater volume in two workflows:

(a) 1200 L/h, (b) 500 L/h.

In both cases, the adsorption capacity decreased when the treated volume increased, suggesting
that adsorption capacity gradually deteriorates with use. Specifically, a 50.05% + 4.48% and 34.58%
+ 5.24% decrease in adsorption efficiency was obtained for 1200 and 500 L/h workflows at 715 m?,
respectively. The results suggest that when the adsorption capacity percentage decreases to around
50%, the GAC should be replaced.

According to Chae et al. [50], the rate at which carbon is exhausted and the frequency at which
carbon should be replaced/regenerated can be calculated by determining the carbon usage rate (CUR),
which is the mass of activated carbon used per unit volume of wastewater treated (Equation (2)).

mass of GAC in column
CUR =

@

treated volume
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Therefore, according to this equation, and selecting 715.33 m® as the maximum safety volume
(conservative value for all possible prototype workflows), the CUR value obtained would be 0.15 kg
of GAC per m?® of treated volume (112 kg/715.33 m?), which can be used as a predictive value for
scaled-up GAC systems.

3.4. Applicability and Cost Assessment

Although several technical or environmental factors have to be taken into account in the selection
or feasibility of implementing an effective tertiary system, cost is often the determining factor. Taking
into account the advantages of the selected GAC in the adsorption of CECs, we considered two
possible scenarios.

The first scenario involves the implementation of the prototype in isolated areas, where an
improvement in water quality is necessary prior to irrigating crops, in a conventional WWTP that
does not have an installed tertiary treatment. An estimation of the operation and maintenance costs
of the prototype (excluding installation) are shown in Table 7. Considering 8 h of work per day and
365 days/year (2920 h/year), the theoretical cost is 1300 €/year. On the other hand, if we consider the
possibility of working at the maximum flow rate of the prototype (1200 L/h), the expected treated
volume of water is 3504 m>/year. However, since the treated volume is approximately 90% of the total
entry to the prototype (see Figure 3), the treated volume of water would be 3154 m3/year. This means a
maintenance cost of 0.37 €/m? treated or 0.41 €/m3 produced, which is a relatively acceptable value
given that the average cost of reused water treatment in Spain is about 0.46 €/m? for a system that
includes a physico-chemical operation, membrane filtration, reverse osmosis and chlorination [51].

Table 7. Annual operation and maintenance cost of the prototype.

Operation Type Amount/Year €/Year
Maintenance ! 26h 390
Cleaning ! 8h 120
Operation ! 16 h 240
GAC change 1 change 350
UV lamp 0.25 ud 200
Electrical energy Solar panels 0
TOTAL 1300

1 Estimated cost of personnel: 15 €/h.

The second scenario is the inclusion of GAC modules in a conventional WWTP that already
contain filtration steps and disinfection tertiary treatments. Thus, the long-term operational data from
a WWTP with a conventional design was compared with the same design including a GAC step.

In the particular case of the Murcia region, the largest urban waste water regeneration system for
the production of quality regenerated water 2.1 (according to the criteria of the Royal Decree 1620/2007
(2007), and MAPAMA recommendations (2010)) includes several stages: (1) coagulation-flocculation
suspended matter reduction, using polyaluminium chloride (PAC) and anionic polyelectrolyte (PA);
(2) filtration by sand filters, micro-sieves or textile filters; and (3) disinfection with UV lamps, and a
final dose of NaClO.

Assuming a duration of 20 years, and that inversion costs are evenly distributed over that time, the
implementation of a GAC system in a conventional WWTP would increase costs from approximately
0.117 €/m? to 0.142 €/m?, that is, an increase of 21%. This increase is mainly due to the costs of
replacing the GAC and the increased energy consumption of installations (around 25%), while the
remaining increase in costs is due to the initial investment (12%) and 5% is due to equipment and
facilities maintenance.

In both scenarios, the higher costs are related to the current limited capacity to regenerate GAC
(replacement costs). However, regeneration studies, together with the development of new adsorbents
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capable not only of purifying water but also recovering valuable substances, provide useful perspectives
on the implementation of these processes.

4. Conclusions

This work clearly demonstrates the feasibility of implementing a self-sufficient prototype in
conventional WWTP as a tertiary treatment of effluent for agricultural reuse purposes. Regardless of
the workflow, the use of GAC provides a promising way to reduce CECs concentration, while the UV
lamp was able to remove all microbiological parameters analyzed (E. coli, total coliphages (F-specific
and somatic) and Clostridium perfringens spores).

Lower workflows (high EBCT) increased the CECs removal efficiency, particularly for low
molecular weight and aromatic compounds. However, to select the workflow, it is necessary to know
the initial quality of the water to be treated (concentration and nature of CECs, presence of interferences,
etc.), as well as the required quality of the produced water.

The use of the previous filtration stage (disc filters) obtained a good proportion of filtered water
versus water consumption, while the energy autonomy and self-operation of the prototype resulted in
an economically viable methodology for its implementation in conventional WWTPs, and in isolated
areas linked to crops.

In view of the limited information available on the large-scale use of efficient tertiary treatments
for reuse purposes, the information obtained in this study will help to provide a reference for efficient
industrial designs.
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Appendix A

pH and EC were measured with a multi-parameter equipment Eutech PC 2700 (Eutech instruments,
Singapore). Turbidity was analyzed with a turbidity-meter Dinko D-110 (Dinko Instruments S.A.,
Barcelona, Spain). TSS values were determined according to American Standard Methods (American
Public Health Association American Water Works Association, Water Pollution Control Federation,
and Water Environmental Federation, 1915). Dissolved organic carbon (DOC) was measured in a
Shimadzu 5050 TC-TOC-TN analyzer (Shimadzu Corporation S.L. Japan). Total Dissolved Nitrogen
(TN) was measured using the same TC-TOC-TN analyzer. Ions were measured by ion chromatography
using a Metrohm chromatograph (Metrohm, Switzerland). Samples for DOC, TN, spectrometry and
chromatography methods were previously filtered using 45 um filters.
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Sodium Adsorption Ratio (SAR) was calculated based on the relation between soluble sodium

and soluble calcium and magnesium divalent cations [52]:

SAR= —Na&"
y(Ca*? + Mg*2)/2
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