Water Conservation & Management (WCM) 9(4) (2025) 710-717

Water Conservation & Management (WCM)

DOLI: http://doi.org/10.26480/wcm.04.2025.710.717

ZIBELINE
ISSN: 2523-5664 (Print)

ISSN: 2523-5672 (Online)
CODEN: WCMABD

RESEARCH ARTICLE

CRUSHED RECYCLED GLASS AS A SUSTAINABLE FILTER MEDIUM FOR
ENHANCED PHOSPHORUS REMOVAL IN DIRECT FILTRATION

Aissat Miloud2*, Chellali Rachidb?, Sarra Hamouda¢, Chaker Yassined

abd].aboratory of Materials Chemistry and Applications, University of Tissemsilt, 38000, Algeria.,
<Scientific and Technical Research Center in Physico-Chemical Analysis (CRAPC), Industrial Zone, BP384, Bou-Ismail, Tipaza 42004, Algeria
*Corresponding Author Email : aissat.miloud @univ-tissemsilt.dz

This is an open access journal distributed under the Creative Commons Attribution License CC BY 4.0, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited

ABSTRACT

Article History: Eutrophication, caused by excess phosphorus in water bodies, remains a significant environmental challenge
globally. This comprehensive study investigated the efficacy of direct filtration employing crushed and treated
: recycled glass as a novel filter medium for efficient phosphorus removal from synthetic wastewater. Our
Revised 21 October 2025 ) - . .. - . . .
Accepted 17 November 2025 primary ob]ect_lve was to systen_)a_tlcally ex_/aluate and optimize critical operational parameters, {ncl}ldlng
Available online 14 December 2025 filtration velocity, simulated turbidity (Kaolin), coagulant (A12(S04)3-16H20) dosage, and glass grain size, to
establish optimal conditions for maximal phosphate removal. The research demonstrated that optimal
phosphorus removal, achieving greater than 90% efficiency, was attained under direct filtration with precise
pH adjustment to approximately 5.7-6.2. This was coupled with an Al/P mass ratio of around 1.3-1.57, a
filtration velocity of 8 m/h, and a crushed glass granulometry ranging from 1.00-1.25 mm. The integration of
a dedicated upstream flocculation stage was found to be critical for achieving these high efficiencies.
Furthermore, head loss development was continuously monitored, providing valuable insights into filter run
times and potential clogging mechanisms. This study conclusively illustrates the significant efficacy of crushed
recycled glass as a sustainable and cost-effective filter medium for phosphorus removal, presenting a viable
and environmentally friendly alternative to traditional materials in wastewater treatment.
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1. INTRODUCTION parameters including coagulation, pH, velocity, and granulometry for
enhanced phosphorus removal.

Phosphate contamination in water bodies, primarily stemming from

agricultural runoff, industrial discharges, and inadequate wastewater

management, constitutes a significant global environmental challenge.

This excess phosphorus often triggers eutrophication, leading to harmful physical and chemical properties. The porous nature and high surface area

algal blooms, oxygen depletion, and severe ecological degradation (Egbedi of crushed glass particles make it an ideal substrate for adsorbing

et al, 2023; Beniah et al., 2020; Daniel et al, 2009). While conventional phosphates from water. Furthermore, the utilization of recovered glass
aligns with sustainable development principles, reducing landfill waste

and promoting resource conservation (Evans et al,, 2002).

Derived from recycled glass products, crushed glass has been studied for
its potential to be an effective medium in filtration systems due to its

treatment methods, such as chemical precipitation with metal salts,
effectively remove phosphates, they frequently incur high operational
costs, generate substantial chemical sludge, and raise concerns regarding

; T The effectiveness of crushed glass in phosphate removal can be attributed
long-term environmental sustainability (Morse et al.,, 1998).

to multiple mechanisms, including adsorption, ion exchange, and
filtration. Phosphates adhere to the crushed glass particles surface
through physical and chemical interactions. Certain ions present in the
glass can facilitate the exchange phosphate ions from the water effectively
reducing phosphate levels (Rowsell et al., 2004). Additionally, the physical
structure of the crushed glass bed allows for the filtration of particulate-
bound phosphates from the water.

Driven by the urgent need for more sustainable and cost-effective
wastewater treatment solutions, there is a growing imperative to explore
alternative filter media. Recycled crushed glass presents a highly
promising candidate due to its inherent physical and chemical properties,
including its porous structure and high surface area, which are conducive
to adsorption and filtration processes. Although the potential of crushed
glass in water treatment has been acknowledged, a comprehensive
understanding of its performance within an integrated direct filtration
system—specifically one optimized across multiple operational

Using crushed glass for phosphate removal offers various advantages,
including sustainability, cost- effectiveness, and efficiency. The use of glass
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promotes environmental sustainability by reducing landfill waste and
encouraging recycling initiatives (Sandanayake et al, 2020). Crushed
glass, as a low-cost raw material with minimal processing requirements,
provides a cost-effective solution for water treatment. Research has
shown the high efficiency of crushed glass in phosphate removal under
different conditions. However, there are limitations to this method, such
as the need for periodic glass regeneration or replacement, challenges in
scaling up for large implementations, and performance variability based
on water chemistry and phosphate concentration.

Recent studies have indicated that the effectiveness of crushed glass in
removing phosphates can be influenced by factors such as particle size,
contact time, and the existence of competing ions in water (Vierra et al.,
2018).

The practical application of crushed glass filters in water treatment
facilities is noteworthy. Moreover, the environmental impact of using
crushed glass is positive as it addresses the dual challenge of waste
management and water pollution (Chaves-Barquero et al, 2021). By
diverting waste from landfills and utilizing it for water treatment, this
approach contributes to resource recovery and circular economy
principles, reducing the demand for traditional, often more expensive,
water treatment materials and therefore lowering the overall
environmental footprint.

This study, therefore, aims to fill this critical knowledge gap by rigorously
investigating and optimizing the efficacy of crushed recycled glass within
an advanced direct filtration setup. Our innovation lies in the multi-
parametric approach to fine-tune the combined coagulation-flocculation-
filtration process, elucidating the synergistic effects of these variables to
maximize phosphate removal efficiency while simultaneously monitoring
head loss development for practical application. By presenting an
optimized, sustainable, and high-performance alternative, this research
seeks to significantly advance the practical implementation of recycled
materials in addressing global water quality challenges.

In conclusion, using crushed glass for phosphate removal from water
offers a sustainable and effective solution to a pressing environmental
issue. Despite the challenges, ongoing research and technological
advancements show promise for its broader adoption and
implementation. By integrating this approach into existing water
treatment frameworks, significant improvements can be achieved.

2. MATERIALS AND METHODS
2.1 Filtration Pilot

A storage tank with a capacity of 85 liters was used for preparing and
holding the synthetic wastewater and a mechanical agitator with variable
speed ensured homogeneity of the synthetic solution. The storage tank
that supplies water to the column, a 95 cm high glass column with a 30 mm
inner diameter, filled to a height of 80 cm with crushed and treated glass
for filtration. A constant level tank ensures a stable water flow, fed by a
pump from the storage tank. A dosing pump is used for alum addition,
promoting coagulation, followed by a rapid mixer to enhance this process.
A helical flocculator helps in the formation of flocs. To ensure optimal
operation, a flowmeter and a control valve maintain a constant flow
through the column.

2.2 Preparation of glass filter media

The discarded glass bottles were gathered from different local sources and
meticulously cleaned to prevent contamination. The cleaned glass was
placed inside a durable plastic bag, and than crushed by striking the bag
with a hammer. Larger glass pieces greater than 4.75 mm in size were
earmarked for the grinding process. The glass collector bucket was
meticulously cleaned and carefully positioned within a crusher machine
called “Los Angeles Abrasion”. The crushed glass was then stored, awaiting
the sieving process. The glass particles underwent sieving using mesh
sieves of varying sizes. Glass particles ranging from 1 mm to 1.25 mm were
separated for the experimental purposes. The filtration speeds
investigated were 8 and 12 m/h. The studied ranges of the mass ratio

(Al/P) were between 0 - 2.5. The filtration pilot is fed with synthetic water
whose characteristics included a pH varying between 7.5 and 8.0;
conductivity between 500 to 650 pS/cm; and ambient temperature
between 21 and 25°C. The coagulation pH is adjusted to 6 to promote
coagulation by adsorption of AI(OH)3 on which AIPO4 particles adsorbed.
In fact, the zeta potential of aluminum hydroxide is positive due to the
existence, in its structure, of positively charged species such as Al6 (OH)3+
and Al (OH)2 + (Laghari et al., 2018). Finally, the flocculation time is kept
constant and equal to 20 minutes. Crushed glass used as a filter medium is
pre-washed, dried, and sieved. The particle size used for experiments
ranged from 1 to 1.25 mm; The bulk density and porosity of the filter bed,
determined experimentally in the laboratory, are respectively equal to
1.52 g/cm® and 38.7%. After each filtration cycle, the crushed glass is
washed with water in a counter-current manner until clear water is
obtained. The duration of the filtration cycles has been set to 7-8 hours.

Figure 1 : The pilot installation of filtration process.1) synthetic
suspension, 2) mechanical agitator, 3) pomp, 4) reagents (coagulants), 5)
constant level tray, 6) dosing pump, 7) flow meter, 8) rapid agitation, 9)
helical flocculator, 10) glass filtration column, 11) Crushed Glass, 12)
manometric table, 13) sample taking The first sample collection at the
filter outlet is performed 15 minutes after starting the filtration operation,
which is the time required to stabilize piezometric levels and achieve a
steady flow regime. Sample collections are then carried out every half
hour. The pH, turbidity, and residual phosphorus concentration in the
water at the outlet are measured. Three main parameters were selected to
evaluate the phosphate retention performance by filtration, residual
phosphorus concentration, measured at the filter outlet using the AFNOR
method and determination with a ZUZI 4255 spectrophotometer, and
head loss, which is measured by direct reading on manometric tubes,
expressed in centimeters of water.

The suspension used for the treatment is prepared from tap water and
potassium dihydrogen phosphate (KH,PO,). A concentration of 10 mg/L
of orthophosphates was used. The coagulating agent is hydrated
aluminum sulfate [Al;(S04)3¢16H,0] with a molecular weight of 630.39
g/mol. The turbidity of the solution is induced by adding a concentration
of 20 mg/L of kaolin to simulate turbid water (Zainol et al., 2022).

3. CHARACTERIZATION METHODS

3.1 Infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) identifies functional
groups and chemical bonds by measuring the absorption of infrared light

across several wavelengths.

FTIR analysis was performed using an Agilent Cary 630 FTIR instrument.

The spectra were collected over the range of 4000-600 cm™, with a
resolution of 2 cm™.
Figure 2, shows the presence of band around 1000 cm™ , it is

characteristic of Si-O-Si stretching vibrations, predominant in silicate
materials like glass. Another band around 800 cm™ is associated with Si-
0-Si bending vibrations, while a band around 450 cm™ corresponds to Si-
0-Si angle deformations. The roughness of crushed glass may introduce
minor variations in some spectral regions, but overall the amorphous
structure of the glass remains stable. This spectrum is consistent with the
basic composition of glass, which is mainly made up of silicates and oxides.
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Figure 2: IR spectrum of crushed glass

The IR spectrum figure N& 03, shows typical glass characteristics with a
strong Si-O-Si band. The treatment with HCI appears to have only a minor
impact on the main structure of the glass, as evidenced by the absence of
major new peaks. However, variations in some regions may indicate minor
changes to the glass surface or the presence of HCl-modified impurities.
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Figure 3: IR spectrum of crushed glass treated with HCL
3.2 X Rayon Diffraction

The provided diffractogram of crushed glass (CG marron) shows a single
peak at 20 = 24.6°, The presence of this peak is indicative of an amorphous
structure. Figure 3.

The broad peak suggests that the crushed glass lacks a regular crystalline
lattice and instead has a disordered atomic arrangement, which is typical
for glassy materials. The peak position corresponds to a d-spacing of 3.62
A, which is related to the average interatomic distances in the amorphous
glass structure.

T T T

Figure 4: XRD pattern of the crushed glass

Like untreated glass, HCl-treated glass is expected to show a broad peak in
the XRD pattern, characteristic of its amorphous nature. The peak may be
centered around 28 = 20 - 30°, depending on the composition of the glass.
If the HCI treatment causes significant leaching or surface modification,
the broad peak might show changes in the peak intensity could decrease if
the treatment removes material from the glass surface. Figure 4.

Figure 5: XRD pattern of the crushed glass treated with HCI

4. RESULTS AND DISCUSSION

This section discusses and interprets the experimental results,
concentrating on the optimization of parameters for phosphorus removal
by crushed glass direct filtration. This mode involved coagulant injection,
flash mixing, followed by a controlled flocculation step in the helical
flocculator before the water entered the crushed glass filter column.

4.1 Influence of the Coagulant Dose and pH

The coagulant dosage significantly influences floc characteristics,
particularly size distribution, which in turn dictates the overall efficiency
of the phosphate removal process. Conventional treatment processes
relying on precipitation-sedimentation achieve optimal phosphate
elimination when the aluminum-to-phosphorus (Al/P) molar ratio is
maintained within the 1-3 range (Liirling et al, 2013). The primary
mechanisms governing aluminum sulfate-induced coagulation include
Sweep coagulation, where amorphous aluminum hydroxide (Al(OH)s)
precipitates enmesh colloidal particles ( Duan et al, 2003). Aggregative
adsorption, driven by electrostatic interactions between phosphate ions
and Al-hydroxide surfaces. Chemical complexation, where Al** ions react
with orthophosphates (P0O,>7) to form sparingly soluble aluminum
phosphate (AIPO,) precipitates. (Stumm et al.,, 1996).

However, AIPO, precipitates exhibit submicron particle sizes (<1 pm),
rendering them challenging to retain via gravitational sedimentation alone
(Ebeling et al.,, 2003). Enhanced removal efficiency is achieved through
synergistic interactions between AIPO, precipitation and adsorption onto
aluminum hydroxide matrices. This process facilitates the formation of
composite flocs (AlIPO4- Al(OH)s-colloid aggregates) with increased
hydrodynamic diameters (10-100 pm) and improved filterability (Wang
et al, 2011). The co-precipitation mechanism is supported by
spectroscopic analyses showing ligand exchange between phosphate and
hydroxyl groups on Al (OH)3 surfaces, followed by Ostwald ripening of the
mixed-phase precipitates (Parfitt et al., 1978). The literature suggests that
the optimal dose for AIPO, formation requires an Al/P mass ratio between
1 and 3 (Shaoyuan et al,, 2010). Preliminary tests were conducted using a
jar test to identify a suitable dosage range. As depicted in Figure 5, the
phosphate removal efficiency increases with the reagent dose, consistent
with established findings (Jiang et al, 2023). For instance, at a
concentration of 60 mg/L of Al,(S04)3-6H,0, the efficiency rises from 27%
to 79%.

—a—40 mg/L
60 mg/L
- 75 mg/L

100 mg/L

%E

pH

Figure 6: Jar-test tests, Variation in percentage elimination as a function
of the pH of the water to be treated for different concentrations of
Al2(S04)316H20
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Phosphorus removal efficiency (E%) increased significantly with
increasing coagulant dose. At low coagulant doses, removal was. minimal
around 16 %.

Efficiency reached approximately 80% at a coagulant dose of 60 mg/L
Al;(S04)3:16H,0. This dose corresponded to an Al/P mass ratio of 1.57.
These jar test results confirmed the fundamental requirement of sufficient
coagulant for effective phosphorus precipitation. The 80% removal
achieved under these "ideal" laboratory settling conditions provided a
benchmark for subsequent filtration experiments. It's important to note
that jar tests often represent an upper limit of removal via
precipitation/settling, as filtration dynamics (capture, detachment)
introduce additional complexities

All the experimental results obtained in the 40 - 100 mg/1 range show that
the elimination efficiency is closely linked to the pH of the solution: this
efficiency is all the higher as the pH tends towards neutrality. Figure 6. In
fact, this neutral pH of the suspension becomes acidic and lies within the
optimum range for precipitation after addition of the reagent. This
parameter was therefore taken into consideration.

Wi =12m/h, Al/P = 1.5, without floculation

—8—pHajusted

PO4 (mg/L)

—*—pHnon adjusted

0.5 1 2 3 4 5 3 7
T (h)

Figure 7 : Variation in concentration of PO4 as a function of the Time
with adjusted and non- adjusted pH

Adjusting the pH prior to filtration through a crushed glass bed has a
significant positive impact on phosphate removal. It leads to lower PO,
concentrations in the effluent throughout the filtration cycle and allows
for more effective breakthrough management. This indicates that pH
control is a key parameter for optimizing the performance of this type of
treatment for phosphate removal, particularly when aluminum-based
coagulants are used. Figure 7.

Vi = 12m/h, AUVP = 1,5, without floculation
180

80 —#—pH ajusted

AH[cmH20)

—&— pH non adjused

40

20

T(h)

Figure 8: Head loss versus time

In an in-line filtration process without flocculation, pH adjustment results
in a higher initial head loss. Figure 8 This is a direct consequence of its
superior phosphate removal efficiency, a phenomenon consistent with the
optimization of aluminum phosphate precipitation within a specific pH
range (Crittenden et al, 2012). Furthermore, the clogging mechanism
appears to differ. The higher-quality precipitates, formed at an optimal pH,
likely promote more effective surface straining, while the less ideal
precipitates, formed without pH adjustment, can lead to deeper
penetration into the bed and a different head loss profile over time. This is
consistent with filtration theories that directly link precipitate

characteristics such as size, density, and adhesiveness to capture
mechanisms and the development of head loss in the filter (Tobiason et
al.,, 1988). The primary advantage of pH adjustment therefore remains the
dramatic improvement in the quality of the treated water.

4.2 Effect of pH Adjustment

Recognizing the critical role of pH, experiments were conducted with pH
adjustment at the inlet of the flocculator with Conditions of
[Al;(S04)3-16H,0] = 60 mg/L, Al/P=1.57, [Kaolin] = 20mg/L, Vf = 8 m/h.
pH adjusted to an optimal value of 5.7 at the flocculator inlet (pHf). This
resulted in an initial pH of 7.8, and a solution pH (pHs) of 6.2 after
coagulation/flocculation.

AlP=1.5, Vi=8m/h, without adjustment of pH. with floculation

PO4(mg/L)

T(h)

Figure 9: Variation in percentage elimination as a function of the Time
without adjustment of pH

This finding demonstrates that under sub-optimal pH conditions,
coagulation forms poor-quality aluminum phosphate flocs that are small,
less dense, and structurally fragile. The system, however, successfully
compensated for this poor chemistry through optimized physical
processes. Two factors were critical: the flocculation step, which provided
residence time for the small, fragile flocs to agglomerate, and the low
filtration velocity, which shielded these weak flocs from high shear forces.
Figure 9.

Floc strength is defined as the capacity of a floc to resist hydraulic shear.
This parameter is crucial for predicting the performance of solid-liquid
separation processes like filtration. It is well- established that coagulation
chemistry, particularly pH, directly governs the resulting floc strength
(Jarvis etal,, 2005).

ALP = 1.57, PO4=10mg/L. with floculation, with adjusted pH = 5.7

poa(mg/L)

05 05 1 15 2 3 4 5 6 7 8
)

Figure 10: Variation in head loss as a function of the Time with adjusted
pH

This experiment represents the benchmark scenario for effective
phosphorus removal. It demonstrates that combining rigorous chemical
control (pH adjustment) and proper process design (flocculation) achieves
exceptional performance Figure 10. The high removal efficiency is a direct
result of forming strong, easily filterable flocs, a principle well-established
in coagulation chemistry where pH is the master variable controlling
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precipitate characteristics (Jinming et al., 2003).

Furthermore, the system exhibits stable and predictable filtration
behavior, highlighted by a beneficial ripening phase. This initial
improvement in filter performance, where previously captured particles
enhance the removal of subsequent ones, is a well-documented
mechanism in granular media filtration theory.(Logan et al, 1995).
Together, these results prove that when conditions are optimized,
granular media filtration is an extremely robust and high-performing
technology for phosphorus removal.

AL/P = 1.57, PO4=10mg/L,with floculation

AH(cmH20)
L]

. ® pH adjusted

* oM non adjusted

)

T(h)

Figure 11: Head loss versus time

pH adjustment has a direct and often paradoxical impact on head loss, as
it reflects the treatment's efficiency. A more efficient system captures
more solids, which logically accelerates clogging and the increase in head
loss. Figure 11. Consequently, the head loss curve for the adjusted pH
condition is almost always steeper than for the non-adjusted one. Without
pH adjustment, head loss increases more slowly as a portion of the
pollutants is not retained and passes through the filter. At a lower velocity,
the deposit of solids is less compact, making the head loss buildup gentler
and more linear. This phenomenon, where the compressibility and
permeability of the filter cake are highly dependent on the hydraulic flux,
is a fundamental principle of granular media filtration (Crittenden et al.,
2012).

AlfP=157, PO4=10mg/L, with floculation, with adjusted pH
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Figure 12: Crushed glass bed depth

The head loss profiles provide clear evidence of a surface filtration or
straining mechanism. The optimized pretreatment, operating at a specific
pH and coagulant dose, likely functions within the "sweep floc"
coagulation domain, which is known to generate large, enmeshing
precipitates ideal for filtration (Amirtharajah et al., 1982). These large
flocs are then removed at the filter surface because their size exceeds that
of the media pores. This results in the characteristic rapid head loss
development at the top of the bed, a classic outcome when pretreatment
is successfully tailored to produce particles optimal for surface removal
(Charles et al,, 1985).Figure 12.

4.3 Optimization of Coagulant Dose

With pH adjustment and flocculation established as beneficial, the
coagulant dose was re-evaluated for direct filtration. With [P0,37] = 10
mg/L, [Kaolin] = 20 mg/L, Vf = 8 m/h, with flocation and pH adjusted.
Coagulant doses tested is 50, 60, 75 mg/L Al,(SO4)3:16H,0 corresponding
to Al/P mass ratios of 1.31, 1.57, and 1.97 respectively.
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Figure 13: Variation in percentage elimination as a function of the time
with different doses of coagulant

This graph crucially demonstrates that there is an optimal coagulant
dosage for phosphate removal. Exceeding this dosage is not only a waste
of chemical but is also counterproductive, as it significantly degrades the
treatment performance. While the primary goal of adding the positively
charged coagulant is to neutralize the negative surface charge of
phosphate-containing particles, an excess of coagulant coats these
particles with positive charges. Figure 13. This causes the particles to repel
one another again, preventing effective flocculation. The resultant stable,
positively charged micro-flocs are insufficiently large to be successfully
eliminated by the filter, explaining the poor removal efficiency at higher
doses (John etal., 2016).
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Figure 14: Variation in head loss as a function of the Time with different
doses of coagulant

This graph vividly demonstrates that the optimal dosage is not only a
target for water quality but also for the operational and hydraulic
efficiency of the system. It is therefore imperative to avoid overdosing so
as not to simultaneously degrade both treatment performance and the
length of the filtration cycles. Figure 14.

4.4 Effect of Filtration Velocity

The effect of varying filtration velocity 8 m/h, 10m/h and 12 m/h, was
studied under otherwise optimal conditions of pH and coagulant dose.

10

—a—Vi=6mih

—a—Vi=Em/h
- & & Vi=12m/h
3
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4
3
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Figure 15: Variation in percentage elimination as a function of the Time
with different Filtration Velocity
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Figure 15. Higher filtration velocities reduce the contact time between the
flocs and the filter media and increase shear forces, which can lead to the
breakage of flocs and the detachment of particles, thereby reducing
removal efficiency and causing an earlier breakthrough (Morgeli et al.,
1979). The rapid increase in pressure drop at 12 m/h also suggests that
the higher flow rate may have compressed the captured solids or led to
faster surface clogging. The results clearly favor the lower filtration rate
for this system.

200
180 O ® Vf=6m/h
® vi=gm/h
160 Vi O vi=12m/h
140 d
g 120 PR
= e
£ 100
I
< 80
60 .
40 Tl
s._‘;;-...o-"‘
20
0
0 1 2 3 4 5 [ 7 8 9

T(h)

Figure 16: Variation in head loss as a function of the Time for different
filtration velocity

Figure 16. The phenomenon is explained by the existence of a critical
filtration velocity, which lies between 8 and 12 m/h. Below the critical
velocity at 6 and 8 m/h, clogging is a stable and controlled process.
Particles are captured progressively within the filter bed (depth filtration)
or form a permeable cake on the surface. As a result, the head loss increase
is linear and predictable. Above the critical velocity at 12 m/h, the intense
hydraulic forces change the mechanism. They deform and compress the
flocs, which then act like plugs, sealing the pores of the filter media. This
phenomenon, known as "pore blinding" or "plugging”, creates a chain
reaction: as fewer pores remain open, the velocity through them increases,
which further accelerates the plugging. It is that causes the exponential
head loss observed at 12 m/h.

4.5 Effect of Turbidity

Studied under otherwise optimal conditions of pH and coagulant dose. By
varying the kaolin concentration (0, 10, 20, 50 mg/L), we noted that there
were no significant variations in removal efficiency. This shows that the
contribution of kaolin is negligible, but its addition was maintained to
better approximate real-world conditions. As for the head loss, it tends to
increase with the kaolin concentration. We observed that the head loss
deviates significantly from linearity when the kaolin concentration
reaches 50 mg/L. The observed curvilinear portion indicates clogging on
the filter surface; indeed, the formation of a filter cake was visually
observed.Figure 17 and figure 18.
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Figure 17: Variation in percentage elimination as a function of the Time
for different concentration of kaolin
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Figure 18: Variation in head loss as a function of the Time for different
concentration of kaolin

4.5 Effect of Crushed Glass Granulometry

The 1.00-1.25 mm range is finer and more uniform than a broader 0.80-
1.25 mm if the Dy, of the latter is lower. This would make the media
slightly coarser on average if the D1, shifts up, or more uniform if the Dg,
remains similar. If the 1.00-1.25mm media is indeed slightly coarser or
more uniform (higher D1, lower CU), it could offer deeper bed penetration
and less surface clogging, potentially explaining the lower head loss. The
improved PO4 removal is interesting; perhaps the more uniform pore
sizes in the 1.00-1.25 mm media provided more optimal capture
conditions, or the flow distribution was better. The 98% initial efficiency
is excellent. The deeper retention (60% of bed height) compared to some
previous profiles (e.g., 34% or 50%) suggests better utilization of the filter
depth, which is desirable for longer runs. Figure 19, Figure 20 and Figure
21.
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Figure 19: Variation in percentage elimination as a function of the Time
for Reducing Granulometry
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Figure 20 : Variation in head loss as a function of the Time for Reducing
Granulometry
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Figure 21 : Crushed glass bed depth for Reducing Granulometry
5. CONCLUSION

This comprehensive study on phosphorus removal using direct filtration
with crushed recycled glass media yielded several key conclusions,
logically structuring our findings. We demonstrated that direct filtration,
incorporating a dedicated upstream flocculation stage, was significantly
effective for phosphorus removal, achieving efficiencies exceeding 90-
95%. Optimal chemical conditions, specifically a coagulation pH of 5.7-6.2
at the flocculator inlet and an Al/P mass ratio of approximately 1.31, were
crucial for maximizing aluminum phosphate precipitation and robust floc
formation, while minimizing chemical consumption. Regarding physical
parameters, a filtration velocity of 6-8 m/h offered the best balance
between high phosphorus removal and manageable head loss
development, facilitating typical filter run times of approximately 8 hours.
Furthermore, utilizing crushed glass with a granulometry of 1.00-1.25 mm
resulted in the highest efficiencies (>95%) and excellent filter bed
utilization. The helical flocculator played an essential role in developing
these robust, filterable flocs. Collectively, these results confirm that
crushed recycled glass is an effective and sustainable filter medium for this
application, exhibiting performance characteristics well-suited for
phosphorus removal when coupled with optimized pre-treatment. This
research strongly supports its use as an environmentally responsible and
viable alternative to conventional media for wastewater treatment,
contributing significantly to sustainable resource management and
environmental protection.

While this study successfully demonstrated the high efficacy of crushed
recycled glass in direct filtration for phosphorus removal under optimized
conditions, several avenues warrant further investigation to enhance its
practical implementation and broaden its applicability. We strongly
recommend future research focus on the following key areas:

To study the sustained performance of crushed glass filter beds over
extended operating periods in real-world wastewater treatment
scenarios.

To conduct further studies using advanced analytical techniques to better
understand the precise mechanisms of phosphate interaction with the
crushed glass surface.

To evaluate the potential of crushed recycled glass beds for the removal of
other contaminants, such as nitrogen compounds, heavy metals, and
organic pollutants.
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