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Water treatment residual (WTR) is a burden for many water treatment plants due to the large volumes and
associated management costs. In this study, we transform aluminum-salt WTR (Al-WTR) into ceramsite (ASC) to
recover phosphate from challenging waters. ASC showed remarkably higher specific surface area (SSA, 70.53
m?/g) and phosphate adsorption capacity (calculated 47.2 mg P/g) compared to previously reported ceramsite
materials (< 40 m2/g SSA and < 20 mg P/g). ASC recovered over 94.9% of phosphate across a wide pH range (3
—11) and generally sustained > 90% of its phosphate recovery at high concentrations of competing anions (i.e.,
ClI, F, SO‘Z{, or HCO3) or humic acid (HA). We challenged the material with real municipal wastewater at 10°C
and achieved simultaneous phosphate (>97.1%) and COD removal (71.2%). Once saturated with phosphate, ASC
can be repurposed for landscaping or soil amendment. The economic analysis indicates that ASC can be a
competitive alternative to natural clay-based ceramsite, biochar, or other useful materials. Therefore, ASC is an
eco-friendly, cost-effective adsorbent for phosphate recovery from complex waters, shedding light upon a cir-

cular economy in the water sector.

1. Introduction

The large quantities of water treatment residual (WTR) produced
during the coagulation process at drinking water treatment plants
(DWTPs) are challenging to the utilities and local environment. Because
aluminum salts are widely used as coagulants, sustainable management
of aluminum salt-based WTR (Al-WTR) is particularly interesting to the
industry. Traditionally, AI-WTR has been disposed of in local landfills,
creating both financial and environmental burdens. Transforming this
waste into ceramsite can be promising.

Ceramsite is traditionally made from clay or shale and can be used as
lightweight aggregate, landscaping mulch, etc. (Liu et al., 2020).
Al-WTR contains both skeleton materials (i.e., Al,0O3 and SiO») and flux
materials (e.g., NagO, CaO, Fey03, and K0) critical for ceramsite pro-
duction. In addition, AI-WTR contains a higher content of organic matter
(pore-forming) (Huang et al., 2023), making it an even better raw ma-
terial for ceramsite than clay. Therefore, transforming Al-WTR into
ceramsite can help the water sector reduce operating costs and envi-
ronmental footprint, generate more revenue, and assist the ceramsite
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industry in addressing environmental and land use concerns, supporting
a circular economy can be achieved. To date, few studies have used
Al-WTR for ceramsite fabrication. Al-WTR-based ceramsite (ASC) can
find many beneficial uses as an adsorbent, construction material, and
landscaping mulch (Chen et al., 2024; Dong et al., 2021; Nguyen et al.,
2022; Wang et al., 2019). In particular, given its abundant di-/tri-valent
metal content (e.g., Al), ASC can be a promising adsorbent for phosphate
and holds great potential for recovering the precious phosphorus (P)
resource from eutrophic water and wastewater (Cheng et al., 2018;
Wang et al., 2021). Due to the non-renewable nature of geological P
deposits, a global P shortfall for industrial and agricultural needs is
predicted by 2035 (Liu et al., 2021c; Pap et al., 2020). ASC offers an
opportunity to obliterate the unbalanced distribution of P and facilitate
sustainable development.

Herein, we systematically investigated the fabrication of ASC with a
specific surface area (SSA) and phosphate adsorption capacity much
higher than all previously reported ceramsite materials made from WTR.
Experimental and theoretical analyses indicate that this material can be
a cost-effective solution to tackle the phosphate challenge in eutrophic

Received 23 August 2024; Received in revised form 16 October 2024; Accepted 17 October 2024

Available online 21 October 2024

2589-9147/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:jinkai.xue@uregina.ca
www.sciencedirect.com/science/journal/25899147
https://www.sciencedirect.com/journal/water-research-x
https://doi.org/10.1016/j.wroa.2024.100267
https://doi.org/10.1016/j.wroa.2024.100267
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wroa.2024.100267&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Chen et al.

waterbodies such as agricultural ponds. Economic analyses suggest that
ASC may be a more affordable alternative to several commercial prod-
ucts such as clay ceramsite, tire crumb, and lightweight aggregate. This
study would bring insights for transforming WTR into ceramsite can
help water treatment plants: 1) reduce operating costs and environ-
mental impact, 2) create new revenue opportunities, and 3) contribute
to achieving a circular economy.

2. Results and discussion
2.1. ASC is an exceptional adsorbent for phosphate

ASC demonstrated exceptional performance compared to previously
reported ceramsite materials. Its SSA and total pore volume were 70.53
m?/g and 0.23 cm®/g, respectively (Fig. 1A and Fig. S2A&B). Its pore
size distribution ranged from 2 and 50 nm (Fig. 1A), with a peak at 7.7
nm (Fig. S2B). In contrast, Wang et al.’s ceramsite made from WTR and
bentonite (7:3 wt%) had an SSA of 45.4 mz/g (Wang et al., 2022), and
the modified commercial ceramsite in Wu et al. (2020a) had a pore size
of 7.7 to 14.8 nm and a pore volume of 0.067 — 0.151 cm®/g. Bench-
marking against previously reported ceramsite materials (made from red
mud, slag, clay, etc.(Cheng et al., 2018; Li et al., 2023; Lin et al., 2021;
Liu et al., 2021a; Liu et al., 2021b; Wu et al., 2020a). with a large SSA
and high phosphate adsorption capacity, we found ASC in this study had
the largest SSA (Fig. 1B&C and Table S7). A large SSA increases the
number of adsorption sites. To further explore the adsorption behaviors,
experimental data were fitted to the kinetic and isotherm models as
described in SI Texts S3 and S6. Isotherm experiments (Fig. S4D) proved
an experimentally determined maximum phosphate adsorption capacity
of 42.9 mg PO3 /g (or 14.3 mg P/g) of ASC, and the Sips model predicted
a maximum absorption capacity at 10°C to be 141.7 mg PO} /g (or 47.23
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mg P/g), making this WTR-derived ceramsite the best performer in both
Fig. 1B&C. Adsorption experiments for kinetic analysis were conducted
using three initial phosphate concentrations (i.e., 5, 30, and 50 mg
PO} /L) (Fig. S4A). These concentrations are significantly higher than
typical environmental P levels. In Canada, water bodies with a total
phosphorus (TP) concentration of 0.035 — 0.100 mg P/L (equivalent to
0.107 - 0.306 mg PO} /L) are categorized as eutrophic, and waters with
[TP] > 0.100 mg P/L (or > 0.306 mg PO?{/L) is hyper-eutrophic (Water
Science and Technology Directorate, 2011). At 10°C, after approxi-
mately 11 hrs, adsorption stabilized at 0.74, 4.22, and 8.13 mg PO3 /g,
corresponding to a phosphate recovery rate of 97.6, 93.9, and 91.9%,
respectively (Fig. S4A). Adsorption kinetics and XPS analyses suggest
that the phosphate adsorption onto ASC was primarily driven by strong
chemical adsorption between surface active sites (e.g., A13+, Ca®") and
functional groups (SI Text S6) (Lin et al., 2021; Ma et al., 2022). Multiple
mechanisms can be involved, including ligand exchange, chemical
deposition, and inner-sphere complexation. FTIR analysis confirmed the
presence of phosphate on the adsorbent surface, while XPS analysis
further supported these findings by demonstrating changes in binding
energies and chemical interactions between phosphate and surface
groups such as Ca, Al, and oxygenated functional groups. Detailed dis-
cussion on the adsorption mechanisms can be found in Texts S6 to S8.
On the other hand, the surface of ASC was among the least active, as
indicated by the ratio of phosphate adsorption capacity (either experi-
mentally determined or model-predicted) and SSA in Fig. 1D. We
anticipate that our ASC’s performance can be further enhanced by
increasing the density of active sites on the surface. XRD analysis
(Fig. S2D) showed that the main crystalline phases of ASC were quartz
(SiO5), muscovite (KAl;Si3AlO19(OH),), albite (NaAlSi3Og), sanidine
(KAISi3AlOg), and a small amount of calcite (CaCOs3), which help explain
the good phosphate adsorption by ASC and suggest possible
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Fig. 1. Properties of ASC (A) and benchmarking its SSA and phosphate adsorption against ceramsite materials in the literature: experimentally determined maximum
phosphate adsorption capacity and SSA (B), model predicted maximum phosphate adsorption capacity and SSA (C), and the ratio of phosphate adsorption capacity to
SSA (D). The literature data are mean values or figure read-offs collected from published articles. P-qm,x represents the maximum adsorption capacity in the unit of
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opportunities for improvement. A few strategies can be explored
include: 1) adjusting the fabrication conditions, 2) adding certain
auxiliary materials (e.g., eggshell) to the recipe, or 3) modifying the
surface after sintering by incorporating lanthanum, iron, or other hard
acid metals.(Cheng et al., 2018; Wang et al., 2023a; Wang et al., 2018;
Wau et al., 2019; Wu et al., 2020b)

Regardless of future improvements, the high phosphate adsorption
capacity achieved in this study inspires us to envision ASC’s potential
application for remediating eutrophic waterbodies, such as agricultural
ponds for livestock (dugouts) and stormwater ponds. For a small dugout
with a volume of one million Imperial gallons (4.5 million litres), which
is typical in Western Canada (Agriculture and Agri-Food Canada, 2020;
Alberta Agriculture and Forestry, 2015), if the phosphate concentration
is 0.1 mg P/L (highly eutrophic (Water Science and Technology Direc-
torate, 2011)), merely 10 kg of ASC will be needed to recover the
phosphorus from the polluted water. For an extremely large dugout of
30 million litres of water (Agriculture and Agri-Food Canada, 2020), 63
kg of ASC would suffice. Each tonne of ASC will recover 141.6 kg of
phosphate. If we take a more conservative approach, using the phos-
phate adsorption capacity of 14.3 mg P/g achieved in our experiments,
the 4.5-million-litre and 30-million-litre dugouts will require 32 and 210
kg of ASC, respectively. However, real waters are complex — will this
material robustly recover phosphate under the influence of various
factors?

2.2. What will impact phosphate adsorption onto ASC?

We examined several factors that may influence phosphate adsorp-
tion onto ASC, including ASC dosage, pH, temperature, co-existing an-
ions and NOM, and regeneration cycles.

Effect of ASC dosage: The effect of adsorbent dosage on phosphate
adsorption was evaluated (Fig. 2A). As the adsorbent dosage increased
from 2 to 10 g/L, the removal significantly increased from ~78 to 100%,
obviously owing to the increased total surface area and number of
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adsorption sites. However, the equilibrium adsorption capacity
decreased from 3.68 to 0.91 mg PO} /g as the dosage increased, sug-
gesting an abundance of unoccupied sites. Phosphate removal exceeded
95% at an ASC dosage of 6 g/L, with a further increase in adsorbent
dosage providing only marginal improvement. Hence, an ASC dosage of
6 g/L was selected for subsequent experiments.

Effect of pH: pH affects the speciation of the adsorbate in this study
(Fig. S6), which, in turn, affects the adsorption efficiency. We studied
the adsorption of (total) phosphate (the sum of H3PO4, HoPOy, HPO?{,
and PO3") by ASC over a wide pH range (3.0 — 11.0) (Fig. 2B). In this pH
range, HoPO; and HPO?{ are the dominant species (Fig. S6) (Kumar
et al., 2019). pH influences the surface charge of the adsorbent, which
further influences phosphate adsorption. The pHy,. of ASC was close to
8.2 (Fig. S2C), indicating that the adsorbent surface was positively
charged at pH < 8.2. Fig. 2B indicates stable and excellent phosphate
adsorption (94.9 — 97.0%) across all tested pH levels at low phosphate
levels (10 mg PO3 /L). It follows that at pH < PHpzc, the ceramsite sur-
face underwent protonation, allowing for electrostatic attraction be-
tween the positively charged ceramsite surface and PO3. Nonetheless,
the high phosphate adsorption (94.9%) by ASC at pH = 11.0 was due to
the stronger affinity between phosphate ions and di-/tri-valent metals
on ASC surface. Compared with OH™ ions, PO} ions have a higher charge
density and smaller ionic radius. The same reason allowed phosphate
ions to replace the alkaline species (e.g., OH) that had been initially
bound to the di-/trivalent metals on the pristine ceramsite surfaces (Qiu
etal., 2019). The ligand exchange phenomenon resulted in a substantial
pH increase in all systems after phosphate adsorption (Fig. 2B). Other
mechanisms might also contribute to phosphate adsorption onto ASC,
such as calcite (the XRD result in Fig. S2D), which can adsorb phosphate.
In conclusion, ASC demonstrated near-complete phosphate adsorption
across a broad pH range at low temperatures, and the effect of pH was
negligible.

Effect of temperature: Adsorption experiments were performed with
three initial phosphate concentrations (10, 50, and 100 mg PO3 /L) at
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Fig. 2. Effects of ASC dosage (A), pH (B), temperature on phosphate adsorption onto ASC (C), and van’t Hoff plot for phosphate adsorption onto ASC with different
initial phosphate concentrations (D). Data are presented as mean values of sample duplicates + standard deviation (each sample replicate was measured three times
to get a mean first). q. is the phosphate adsorption capacity at adsorption equilibrium (mg/g).
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three temperatures (10, 20, and 30°C) (Fig. 2C). For 10 mg PO?{/L, the
effect of temperature was negligible, while the higher temperature
appeared to slightly benefit phosphate adsorption at initial concentra-
tions of 50 and 100 mg PO} /L. The van’t Hoff equation was used to
compute Gibbs free energy change (AG), enthalpy change (AH), and
entropy change (AS) for phosphate adsorption (Fig. 2D and Table S6). As
indicated by the negative values of AG, the adsorption process is spon-
taneous and favoured at higher temperatures. The positive AS values
suggest a strong affinity between ASC and phosphate, as well as an in-
crease in randomness index at the solid/liquid interface during
adsorption at a higher temperature (Zeng et al., 2023).

Effect of co-existing anions: Anions in water can influence phos-
phate adsorption due to their competition for active sites (Fig. 3A).
However, the co-existing anions in our experiments only slightly
impacted phosphate recovery, with the order of CI" < SOF < F* < HCO3.
ASC generally maintained >90% phosphate recovery in the presence of
competing anions, with only two exceptions (at 30 mM F~ or HCO3). In
the presence of 15 mM CI” or SO?{, ASC achieved 96.7 and 95.3%
phosphate removal, respectively. When the concentrations of these an-
ions were doubled (30 mM), the inhibition of phosphate adsorption
increased slightly (e.g., from 4.7 to 5.7% by SOF). This confirmed the
formation of inner-sphere mono-dentate or bi-dentate complexes during
phosphate adsorption (Zhang et al., 2017). Among all the tested anions,
HCOg3 exhibited the most significant impact on phosphate adsorption,
reducing it from 96.5% (at 0 mM HCO®) to 90.4% (at 15 mM HCO®") and
further to 85.2% (at 30 mM HCO3'). The results were similar to those of a
previous study using katoite adsorbent (Cheng et al., 2022). Due to the
similarity of HCO3 and H2POj, the anions are readily adsorbed via
inner/outer-sphere complexation, which is crucial for understanding
their competitive interaction on adsorbent surfaces (Koh et al., 2020).
Moreover, F™ caused a notable decrease in phosphate removal (e.g., from
97.4% at 0 mM to 86.5% at 30 mM F°), likely due to its strong affinity
towards metal-active sites (Wan et al., 2021). Metallic-modified (e.g.,
La3*, AI®*, and Fe®") adsorbents are commonly inhibited by back-
ground pollutants in water despite their Lewis acid-base
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interaction-induced high selectivity for phosphate (Wang et al., 2023b;
Zhu et al., 2024). Such inhibition was also observed when natural zeolite
or clay modified with calcium hydroxide was used as an adsorbent (Ma
et al., 2012; Mitrogiannis et al., 2017). The slight inhibition of phos-
phate adsorption observed in our experiments is, therefore, not unex-
pected and should not pose a significant deterrent for the application of
ASC. Overall, ASC showed excellent phosphate selectivity, maintaining
over 85% (generally over 90%) of its adsorption capacity at high con-
centrations of competing anions. This suggests phosphate adsorption on
ASC was primarily driven by chemisorption (as previously assumed)
rather than outer-sphere complexation via electrostatic attraction. The
impact of water hardness (i.e., Mg" and Ca®") was not investigated in
the present study, which commonly promotes phosphate adsorption
according to the literature (Li et al., 2023; Lin et al., 2017).

Effect of co-existing natural organic matter (NOM): NOM may also
influence phosphate adsorption in natural water systems. Contrary to
expectations (Wang et al., 2023a), our experiments showed a negligible
impact of HA (representing NOM) on phosphate adsorption (Fig. 3A),
similar to recent studies using magnesium-stirred biochar and
lanthanum-modified bio-ceramsite (Liu et al., 2021b; Luo et al., 2022).
In contrast, Liu et al. (2021b) observed significantly inhibited phosphate
adsorption by 50 and 100 mg/L of HA. Such high concentrations of HA,
however, are less environmentally relevant. Comparative experiments
indicated that phosphate interfered with HA adsorption onto ACS
(Fig. 3B and Fig. S1B). Such interference was the most significant when
the HA concentration was low (1 mg/L) and became almost negligible
when the latter increased to 20 mg/L. This pseudo-unilateral impact of
phosphate on HA competing for adsorption sites on ceramsite suggests
that the HA adsorbed on ceramsite may offer additional adsorption sites
for phosphate, possibly through electrostatic attraction between amine
groups of HA and phosphate ions. Considering the release of di- or
tri-valent cations from the ceramsite, bridging and complexation could
also play a role in facilitating phosphate adsorption onto HA-loaded
ceramsite. Further experimental and modelling studies could help un-
veil the interaction between HA and phosphate on the ceramsite surface
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in greater detail. Regardless, ASC has demonstrated its potential for
phosphate recovery from complex water matrices under cold conditions.

Effect of regeneration: Two solutions (1.0 M NaOH or HCl) and RO
water were tested to desorb phosphate from spent ASC. After 12 hrs of
desorption, 94.2 + 1.4% of the adsorbed phosphate was removed from
ASC using 1.0 M NaOH, which was more effective than what 1.0 M HCIL
achieved. Therefore, NaOH was chosen as the regeneration agent (Li
et al., 2022). After four reuse cycles, phosphate removal declined from
98.7 (pristine) to 80.6% (Fig. 3D). This decline can be attributed to
multiple reasons, such as leaching loss of active elements such as Al and
Ca under strongly alkaline conditions, depletion of active sites due to
chemical precipitation between phosphate ions and di- or tri-valent
metals on the ASC surface, or phosphate ions trapped in deep pores
(which makes it hard to wash adsorbed phosphate out during desorp-
tion). The phosphate-rich eluent can be used to produce fertilizers such
as struvite (Li et al., 2021). Further investigation is warranted to mini-
mize the use of strong eluent and reduce contact times in regenerating
spent ASC. Although ASC exhibited good reusability, it may not need
regeneration at all. Instead, spent ceramsite can be repurposed, such as
being used as a nutrient-rich landscaping mulch, an inexpensive alter-
native to wood chips or toxic tire shreds (Ziajahromi et al., 2023), of-
fering additional environmental and economic benefits (more discussion
in the following sections). Furthermore, P-solubilizers, such as
phosphate-solubilizing bacteria, have been proven to efficiently release
phosphorus from various forms, including Al-bound phosphate, and Al-P
fertilizers have outperformed Ca-P fertilizers in long-term field experi-
ments (Aliyat et al., 2022; Shi et al., 2024).

2.3. Phosphate recovery from municipal wastewater under cold
conditions?

ASC was used to recover phosphate from real municipal wastewater
(Fig. 3D). After removing suspended solids, the wastewater’s pH (7.5)
and initial phosphate concentration (35.5 mg PO%'/L) were measured.
Over 97.1% of phosphate and 71.2% of COD from the real wastewater
were simultaneously removed by 6 g/L ASC at 10°C, resulting in a final
phosphate concentration of 0.34 mg P/L (Fig. 3B and Table S8). Hence,
ASC shows promise for recovering phosphate from actual wastewater
under cold conditions or for polishing treated wastewater (Fig. 4). To
meet stringent discharge limits (0.05 — 0.3 mg P/L) (Shan et al., 2020),
slightly increasing the adsorbent dosage or raising the operating tem-
perature should help. This requires validation by running real water in a
pilot-scale system to determine the optimal operating conditions.

Therefore, ASC can be an extraordinary adsorbent for recovering
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phosphate from various water matrices, such as municipal wastewater,
lagoons, and dugouts (Fig. 4). It offers municipalities, agricultural pro-
ducers, and industries with an inexpensive and facile approach to
address phosphate pollution. Additionally, spent ASC can become a
valuable product for beneficial uses. ASC enriched with phosphate can
be used for landscaping or soil amendment, relocating phosphate from
polluted waters to where it is needed (Fig. 4). Moreover, ASC can also
find applications in stormwater management as a bioretention cell me-
dium or storage medium or in the construction industry as a lightweight
aggregate. The question is — Is this material economically affordable?

2.4. Economic analysis of ASC

A preliminary (oversimplified) cost analysis is conducted herein
based on the framework described previously (He and Wang, 2019).
Each tonne of ASC required 15.9 tonnes of raw WTR (10wt% solids) and
0.4 tonnes of clay. The direct production cost per tonne of ASC is broken
down in Table S9. However, due to the inconsistencies in lab-scale
equipment and variations in the fabrication process, the power cost of
each tonne of ASC was estimated using the instruments available in our
lab-scale setup. The primary cost results from the dewatering and drying
process, which accounts for 82.8% of the total cost. This cost can be
further reduced by employing appropriate freeze-thaw and air-drying
methods. It is assumed that other costs associated with ASC produc-
tion, such as labor and equipment, are comparable to the total direct
production cost (Nematian et al., 2021), making the overall production
cost for ASC CA$171.5 x 2 = CA$343 per tonne. Considering the service
fee paid by DWTPs for sludge disposal and potential subsidies or in-
centives from federal and provincial governments, the actual cost of ASC
may be lower. Given ASC’s potential as a material for water filtration
and landscaping mulch, we collected the prices of the common materials
for these purposes on the Canadian market by web searching, emailing,
or calling the vendors (Fig. 5). ASC holds advantages over many of these
materials, including biochar, commercial ceramsite made from clay, and
tire crumb. Notably, natural clay-based lightweight aggregate (essen-
tially ceramsite) is priced at ~CA$600 per tonne. ASC could offer good
profitability if priced below CA$600. Moreover, if intended as land-
scaping mulch or soil amendment, each tonne of ASC can recover up to
141.6 kg of phosphate from eutrophic waters prior to final use,
providing further environmental and economic benefits.

3. Conclusion and Implications

Al-WTR-based ceramsite (ASC) is a promising adsorbent for

ASC filter
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Fig. 4. Illustration of ASC’s versatility.
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Fig. 5. Prices of materials that may be replaced with ASC on the Canadian
market as of April 2024 (*estimated break-even price, CA$343).

phosphate recovery and eutrophication control. ASC exhibited a sub-
stantially higher specific surface area (SSA) and phosphate adsorption
capacity than all previously reported ceramsite materials, which em-
phasizes the importance of finetuning all fabrication factors. It demon-
strated broad pH adaptability and strong phosphate selectivity in
complex water matrices, even at low temperatures, such as testing in
real municipal wastewater at a low temperature (10°C). The adsorption
experiments and Sips isotherm model suggested a theoretical maximal
phosphate adsorption capacity of 141.7 mg PO3 /g under cold condi-
tions. The excellent phosphate adsorption of ASC in complex waters
under cold conditions has solid implications for phosphorus recovery or
pollutant removal from engineered (e.g., WWTPs, stormwater ponds,
and dugouts) and natural water systems (e.g., lakes). The dominant
adsorption mechanisms for phosphate onto ASC are chemical deposi-
tion, inner-sphere complexation, and ligand exchange. This waste-
derived product is particularly appealing because it does not require
regeneration once saturated with non-hazardous pollutants such as
phosphate and NOM. Instead, the spent ceramsite can be repurposed for
other beneficial applications, such as lightweight concrete aggregate
and safe, fertilizing landscaping mulch to replace tire shreds (toxic) or
wood chips. Multiple sectors could benefit from this material. For
instance, WWTPs may use it to remove nutrients, microplastics, and
emerging pollutants. Other wastes rich in silica (e.g., glass) can be used
to replace the clay used in this study, further improving the environ-
mental and social benefits. More research is needed to explore such
possibilities and improve the material’s performance. This study show-
cases the practicality of repurposing Al-WTR for beneficial uses. It sheds
light on building a circular economy in the water sector and promoting
industry sustainability.

4. Methods
4.1. Materials

The Al-WTR was collected from the Buffalo Pound Water Treatment
Plant (BPWTP), which uses PACI as the primary coagulant. The waste-
water (primary influent) was collected from the local wastewater
treatment plant (WWTP). All chemicals were purchased from either
Fisher Scientific or VWR. Details are shown in Supporting Information
(SI) Text S1.

4.2. Fabrication of ceramsite

The raw material (RM) was AI-WTR, and the auxiliary material (AM)
was bentonite clay (clay). Approximately 90.8 + 1.1wt% of the raw Al-
WTR was water, while the solid content had a higher volatile fraction
(61.9wt% organics) than the fixed (38.1wt% inorganics). The clay
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ensured sufficient formation of the liquid phase and easy mouldability
(Hu et al., 2023). The main mineral compositions of the raw materials
are as follows (Table S10): AI-WTR (42.3% Al;03, 14.8% SiO,, 0.5%
K20, 0.6% MgO, 2.3% CaO, 1.4% Fez03, 0.2% Naz0, 0.6% P20s) and
clay (13.7% Al03, 55.8% SiO5, 5.9% K50, 1.6% MgO, 2.4% CaO, 3.8%
Feg03, 1.8% Na0, 0.2% P50s5). AI-WTR and clay were dried at 105°C
for 72 hrs and then ground to pass through Mesh #100 sieves (pore size
equivalent to 0.15 mm). The completely mixed raw meal was gradually
poured into a granulator to prepare raw granules with particle sizes of <
3 mm. RO water was sprayed during the granulation process. Raw meals
made with a range of AI-WTR: clay mass ratios were used. The obtained
granules were then pre-dried at 105°C for 12 hrs before they were
transferred into a muffle furnace for sintering (Fig. 6).

To efficiently improve the fabrication process, Taguchi Experimental
Design method was used. The fabricating factors were Al-WTR: clay
mass ratio (wt%, C;), preheating time (min, Cy), preheating temperature
(°C, C3), sintering time (min, Cy4), sintering temperature (°C, Cs, between
800 and 1200°C), and heating rate (°C/min, Cg). Each factor was
examined at three levels, creating an L27 (6°) orthogonal design. The
Brunauer-Emmett-Teller specific surface area (BET-SSA) of the ceram-
site was used as the evaluation index given by its direct impact on
adsorption. Minitab 20 software was used for data analyses. Details in SI
Text S4. Through the Taguchi Experiments, the ceramsite with batch ID
ASC#25 had the largest SSA and could be the best adsorbent among all
the tested batches. To assess the heavy metal leaching risk of ASC,
leaching experiments were conducted at pH = 2.0 (Table S3). ASC met
the limits specified by the US EPA (USEPA, 2004). Heavy metal analyses
were done at Shiyanjia Lab, China.

4.3. Adsorption experiments

The ceramsite granules were first rinsed with RO water (3 — 5 times)
to remove impurities, followed by 20-min shaking for further purifica-
tion, then dried at 105°C for 24 hrs before being used for adsorption.
Dried ceramsite was stored in a sealed desiccator. Adsorption experi-
ments were conducted in an incubator shaker (HNY-2102C, Honour
Instrument Co., Ltd., China) at 150 + 1 rpm, and the pH of the synthetic
solution was adjusted with 1.0 M HCI or NaOH solutions as appropriate.
At every predetermined time point, the suspension was collected and
filtered through a pre-rinsed syringe filter (0.45-pm mixed cellulose
esters). The total phosphate (TP) concentration was measured by a pre-
calibrated spectrophotometer (HACH DR 3900), using the PhosVer®3
kit. Phosphate concentrations of all suspension samples were measured
in duplicates. The detailed measurement methods of chemical oxygen
demand (COD), ammonia (NHJ), nitrate (NO3), and HA are summarized
in Text S2. The adsorption of phosphate and HA onto the container walls
was experimentally determined to be negligible (Fig. S1).

Adsorption kinetics were studied with different initial phosphate
concentrations (i.e., 5, 30, and 50 mg/L) at 10°C for 72 hrs (pH = 7.5
and S/L ratio = 6.0 g/L). Samples were taken at different times (0 — 72
hrs) for model fitting. For the adsorption isotherms, approximately 0.18
g of the adsorbent was added into 30 mL of phosphate solution (i.e., S/L
ratio = 6 g/L) with initial phosphate concentrations ranging from 5 to
900 mg PO3 /L in polypropylene bottles at 10°C and shaken at 150 rpm
for 72 hrs. The pH of the solution was adjusted to 7.50 + 0.02. Four
adsorption kinetics (i.e., pseudo-first order, PFO; pseudo-second-order,
PSO; Elovich; and intra-particle diffusion, IPD), three adsorption iso-
therms (i.e., Langmuir, Freundlich, and Sips), and adsorption thermo-
dynamics were employed. Subsequent adsorption experiments were
conducted with different pH values (3.0 — 11.0 with 2-unit increments),
solid: liquid ratios (S/L ratio, 2.0 — 10.0, 2-unit increments), tempera-
tures (10, 20, and 30°C), contact times (0 — 72 hrs), and initial con-
centrations of phosphate (10, 50, and 100 mg PO3 /L). Additionally, the
effects of coexisting anions (i.e., Cl, F, SO?{, or HCO3) and natural
organic matter (NOM, i.e., humic acid, HA) on phosphate adsorption
were examined. The concentrations were set at 0, 15, or 30 mM for
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Fig. 6. The workflow of the ACS fabrication.

anions and 1, 5, or 20 mg/L for HA. The details are shown in Text S3. All
samples were duplicated.

4.4. Adsorbent regeneration

A series of four-cycle adsorption-desorption experiments were con-
ducted. ASC (0.18 g) was dosed into 30 mL of phosphate solution (10 mg
PO3 /L) for 48 hrs at pH = 7.5 and 10°C. For desorption, the exhausted
adsorbent was regenerated using 30 mL of 1.0 M HCl or NaOH solution,
followed by RO water rinsing. After regeneration, the adsorption and
desorption processes were repeated under the same operating
conditions.

4.5. Material characterization

The ceramsite was characterized for its morphology, surface charge,
crystalline composition, and phosphate adsorption. Details on BET,
pPHpzc, X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), XPS (Shiyanjia Lab, China), and scanning electron microscopy
coupled with energy-dispersive X-ray spectrometry (SEM-EDS) are
provided in SI Text S5. Unless otherwise indicated, all measurements/
analyses in this study were done at the University of Regina.
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